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Preface 

The mucosal immune system is considered by many to be a "new world" in the 
area of immunology and has numerous unique features compared to the classical 
systemic immune compartment. For example, the mucosal immune system con-
sists of specialized IgA inductive and effector sites, as well as unique cell traffick-
ing patterns that underlie the common mucosal immune system (CMIS). Secretory 
IgA is the major antibody produced at mucosal surfaces and plays an important 
role in recognition and protection against non-self antigens in those sites. The 
polyimmunoglobuHn receptor that transports IgA across epithelial cells has be-
come a basis for the study of membrane receptor trafficking by cell biologists and 
immunologists alike, a^ and yb T cells reside within the mucosal epithelial layer 
(i.e., intraepithelial lymphocytes) as well as in the lamina propria region of the 
mucosa, where they represent a key arm of the cellular immune system. These 
specialized T cells participate in the induction and regulation of antigen-specific 
IgA B-cell and effector T-cell responses. Furthermore, epithelial cells that line 
mucosal surfaces are themselves an integrated component of the mucosal immune 
system and provide signals important for initiation of the mucosal inflammatory 
response and key cell-cell communication between epithelial cells and mucosal 
lymphoid cells. The concept of the CMIS has provided a rational basis for the 
clinical development of mucosal vaccines for the prevention of infectious diseases, 
and mucosally induced tolerance has provided a therapeutic basis for the preven-
tion and treatment of autoimmune disease and tissue rejection in organ transplanta-
tion. Thus, mucosal immunology is an exciting area for both basic and clinical 
scientists interested in the field of immunology. 

Martin R Kagnojf 
Hiroshi Kiyono 
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Chap ter 1 

Principles of Antigen Processing 

and Presentation 

Lars Karlsson, A. Raul Castafio, and Per A. Peterson 

The R. W. Johnson Pharmaceutical Research Institute at The Scripps Research Institute, 
La Jolla, California 92037 

I. I N T R O D U C T I O N 

The major function of the immune system is to rid the host of invading pathogens. 
This task is formidable considering the wide variety of pathogenic organisms and 
their ability to rapidly mutate when put under evolutionary selection. A number of 
different cell types, both antigen-independent and antigen-specific, have evolved 
to detect and neutralize invading organisms. T cells, which have a central role in 
regulating inmiune responses, have antigen-specific receptors with extensive pri-
mary sequence homology to immunoglobulins of B cells, but despite this homol-
ogy the receptors of B and T cells recognize antigens in different ways. While the 
B cell receptor recognizes structural epitopes in proteins, T-cell receptors recog-
nize antigens in the form of peptides associated with class I or class II molecules 
encoded in the major histocompatibility complex (MHC). Antigen processing is 
the process of peptide generation from antigenic proteins and the association of 
these peptides with MHC molecules. It is of crucial importance for T cell function 
and thus for the function of the immune system. 

Though MHC class I or class II molecules are similar in three-dimensional 
structure, they are expressed in different cell types, activate different subsets of T 
cells, and present peptides derived from different subcellular compartments. The 
existence of two distinct but related systems is a reflection of how parasites invade 
and replicate in higher organisms. Viruses use the cellular machinery for replica-
tion as they utilize the host's synthetic machinery to manufacture the components 
of the virion. In the case where a cell is virus-infected, the viral polypeptides will 
be presented by MHC class I molecules which sample the newly synthesized pro-
teins within a cell and report this information at cell surface. Extracellular patho-
gens, for example bacteria, are self-sufficient and can replicate within an organism 
without penetrating the host cells. Presentation of antigens from such pathogens 
requires that the pathogen is taken up from the extracellular space into the endoso-
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mal system, where they can be degraded and become associated with MHC class 
II molecules, which samples this pool of degradation products and displays them 
at the cell surface. Different types of T cells recognize the class I and class II 
molecules, respectively. Thus, cytotoxic T cells represent the major line of defense 
against viral infection, eliminating infected cells as a consequence of MHC class 
I-peptide complexes interacting with T cell receptors on CD8-positive T cells. 
CD4-positive helper T cells, which recognize peptides in association with MHC 
class II molecules, have a more regulatory role in that they provide help to anti-
body-producing B cells and cytotoxic T cells, which in turn lead to neutralization 
of bacteria and improved detection of virus-infected cells. 

The differences between the class I and class II antigen-presenting molecules 
are a reflection of the intracellular trafficking of these molecules and the compart-
ments where they encounter peptides (Teyton and Peterson, 1992). While both 
class I and class II molecules assemble in the endoplasmic reticulum (ER) only 
class I molecules acquire peptides in this compartment. The peptides loaded onto 
class I are generated in the cytoplasm and transported into the ER. Newly synthe-
sized class II molecules, in contrast, associate with an additional protein in the ER, 
the invariant chain (Kvist et al, 1982), which prevents peptide binding (Teyton et 
al; 1990, Roche and Cresswell, 1990). The invariant chain guides the class II 
molecules to the endosomal system where, after removal of the invariant chain, 
class II becomes associated with peptides derived mainly from extracellular pro-
teins. Only after they have acquired peptides in the endosomes do class II mole-
cules accumulate at the cell surface. 

In addition to the normal class I and class II molecules, a number of class 
I-like molecules have been described. The function of these molecules is only now 
being elucidated, but several of them appear to have a role in antigen presentation. 

In this article we summarize the present knowledge of the cell biology of MHC 
class I and class II antigen processing and presentation, as well as the current 
understanding of the biology and function of nonclassical class I molecules. 

I I . A N T I G E N P R O C E S S I N G A N D P R E S E N T A T I O N B Y M H C 

C L A S S I M O L E C U L E S 

The class I presenting pathway is outlined in Fig. 1. Class I molecules at the cell 
surface are composed of three subunits, class I heavy chain, j82-microglobulin, 
and peptide (Bjorkman et al, 1987a). This trimeric complex is assembled in the 
endoplasmic reticulum (ER) and only correctly assembled complexes are trans-
ported efficiently to the cell surface (Jackson and Peterson, 1993). While class I 
heavy chain and j82-microglobulin are targeted to the ER by virtue of their signal 
sequences, peptides are generated mainly in the cytosol and need to be transported 
into the lumen of the ER (Townsend and Trowsdale, 1993). The generation of 
peptides is thought to be mediated by the proteasome, a large catalytic complex 
which has essential housekeeping functions in addition to its role in generating 
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FIGURE I. A schematic model of the class I antigen presentation pathway is shown. Antigens are 
degraded in the cytosol by the multicatalytic proteasome complex. Peptides are subsequently trans-
ported across the ER membrane by the TAP1-TAP2 (transporter associated with antigen processing) 
complex. Within the ER, class I molecules composed of a transmembrane heavy chain and a soluble 
j82-microglobulin bind the peptides and the trimolecular complex is then transported out of the ER to 
the cell surface via the exocytic pathway for inspection by T cells. 

peptides for MHC class I (Goldberg and Rock, 1992). The mechanism by which 
antigen is unfolded and subsequently degraded by the proteasome is still poorly 
understood, but proteins destined for degradation by the proteasome are often ini-
tially modified by addition of ubiquitin, a highly conserved 8.5-kDa protein (Cie-
chanover, 1994). Ubiquitination appears to be essential for efficient processing of 
antigen for presentation by class I, since cell lines with temperature-sensitive de-
fects in ubiquitination were incapable of presenting antigens to class I-restricted T 
cells (Michaelek et al, 1993), thus providing the strongest evidence that the ubi-
quitin/proteasome system is actually responsible for generation of peptides associ-
ated with class I. 

In order to be able to associate with the class I chains in the ER, peptides need 
to be translocated across the ER membrane. Studies of mutant cell lines and inbred 
rat strains defective in class I antigen presentation suggested that the genes respon-
sible for this peptide transport were located in the class II region of the MHC 
(Livingstone et al, 1989; Salter and Cresswell, 1986). Subsequently two genes 
were found in this region with homologies to ATP binding cassette (ABC) trans-
porters, suggesting that the two resulting polypeptides, TAPl and TAP2, were in-
volved in translocating cytosolically produced peptides into the ER (Deverson et 
al, 1990; Monaco et al, 1990; Spies et al, 1990; Trowsdale et al, 1990). TAPl 
and TAP2 form a heterodimer, and both genes are essential for peptide transport. 



6 Lars Karlsson, A. Raul Castano, and Per A. Peterson 

A number of studies have analyzed the function of the transporter complexes, 
using in vitro systems (Androlewicz et al, 1993; Momburg et al, 1994a,b; Neefjes 
et al, 1993; Schumacher et al, 1994; Shepherd et al, 1993). The TAP complexes 
display preference for peptide substrates longer than 7 or 8 amino acids and can 
transport peptides of up to 40 amino acids, but transport rates are highest for 
peptides with lengths of 8-13 amino acids, which correlates well with the binding 
preferences of class I molecules (Momburg et al, 1994a; Schumacher et al, 
1994). The transporter complexes do not transport all peptides equally well, but 
have some sequence specificities which appear to be correlated with the binding 
preferences of class I molecules, suggesting that the TAPs and class I molecules 
have coevolved (Heemels et al, 1993; Momburg et al, 1994b). 

During the peptide loading process, class I appears to be physically associated 
with the TAP complex (Ortmann et al, 1994; Suh et al, 1994). This association 
is released when class I binds peptide; it appears that peptide transport and class I 
loading are closely linked events. Studies in transfected insect cells show that 
TAPl and TAP2 are the only proteins necessary for peptide transport into the ER 
(Meyer et al, 1994), but several other unknown proteins seem to be associated 
with the TAP-class I complexes in normal cell lines (Ortmann et al, 1994), sug-
gesting that they may be involved in the loading of transported peptides onto class 
I. 

In the lumen of the ER, folding and assembly of class I heavy chain and j82-
microglobulin is assisted by molecular chaperones. In the absence of j82-micro-
globulin, class I heavy chains remain associated with BiP and calnexin and only a 
small amount of free heavy chains leave the ER (Degen and Williams, 1991; 
Nossner and Parham, 1995). When peptide delivery into the ER is deficient, heavy 
chain and j82-microglobulin associate to form "empty" class I molecules, but these 
are only poorly transported out of the ER (Baas et al, 1992; Ljunggren et al, 
1990; Van Kaer et al, 1992). It is unclear what keeps empty class I molecules 
from leaving the ER, but association with both calnexin and TAPs has been impli-
cated (Degen and Williams, 1991; Ortmann et al, 1994; Suh et al, 1994). How-
ever, also in cell lines lacking calnexin or TAPs class I is retained in the ER and 
thus it appears that other molecules may be involved in this retention (Baas et al, 
1992; Scott and Dawson, 1995). Empty class I molecules that do leave the ER are 
thermolabile and are rapidly degraded at or before they reach the cell surface, 
ensuring that exogenous peptides are not picked up at the cell surface (Jackson et 
al, 1992; Ljunggren et al, 1990). 

I I I . A N T I G E N P R O C E S S I N G A N D P R E S E N T A T I O N BY M H C 

C L A S S II M O L E C U L E S 

A schematic model of the class II antigen-processing pathway and the main mole-
cules involved in this process is outlined in Fig. 2. 
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FIGURE 2. Schematic model of antigen processing for class II molecules. Invariant chain (Iip31 and 
Iip33) is synthesized in excess over class II in the endoplasmic reticulum. They associate to form a 
complex which is transported to endosomal compartments, either directly from the trans-Golgi network 
or via the cell surface. Antigen is taken up from the cell surface either by fluid-phase uptake or by 
receptor-mediated endocytosis. Proteases in the endosomal system degrade the antigen to peptide frag-
ments. HLA-DM, which is an endosomal resident, mediates exchange of peptides so that CLIP peptide 
bound to class II is exchanged for antigen-derived peptides. The exact location of the loading process 
is unknown, but may occur in the MIIC (MHC class II compartment), class Il-rich multivesicular or 
multilamellar structures with lysosomal characteristics. Peptide-containing class II is subsequently de-
livered to the cell surface for presentation to T cells. 

A. Assembly of Class II Molecules and the Function 
of the Invariant Chain 

In comparison to the class I antigen-processing and presentation pathway, the pro-
cessing and binding of peptides to class II molecules is still relatively poorly 
understood. Class II molecules at the cell surface are heterotrimeric complexes 
consisting of peptides bound to afS heterodimers; like class I molecules, the a and 
j8 chains of class II assemble in the lumen of the ER. In contrast to class I, 
however, they do not bind peptides in this location, and instead they immediately 
become associated with a third chain, the invariant chain (li) (Kvist et al, 1982). 
Invariant chain is produced in excess over class II and in normal cells it is impos-
sible to detect any newly synthesized class II aj8 heterodimers not associated with 
invariant chain (Lamb and Cresswell, 1992; Nijenhuis and Neefjes, 1994). The 
invariant chain has three well-described properties: it blocks binding of peptides 
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to class II, it facilitates class II transport out of the ER, and it directs class II to 
endosomes where peptide loading occurs (reviewed in Cresswell, 1994; Germain, 
1994). 

Despite the fact that class I molecules acquire peptides in the ER it is not clear 
to what extent the ER contains peptides accessible for binding to class II mole-
cules. The data showing inhibition of peptide binding to class II by invariant chain 
are generated in vitro with purified molecules (Roche and Cresswell, 1990; Teyton 
et al, 1990), and in vivo it appears that the main function of the invariant chain 
in the ER is to protect against binding of newly synthesized and partly folded 
proteins (Buscl^ et al, 1995; Dodi et al, 1994; Aichinger et al, manuscript in 
preparation). In the absence of invariant chain class II forms large, high-molecular-
weight complexes and only small amounts of class II exit the ER (Bikoff et al, 
1993; Bonnerot et al, 1994; Viville et al, 1993). The class II that does leave the 
ER appears to be associated with proteins rather than peptides, and though some 
of this material appears to be present at the cell surface (Bikoff et al, 1993; 
Viville et al, 1993) other data suggest that the class Il-protein complexes can be 
internalized into endosomal compartments where the bound proteins are trimmed 
down to form class Il-peptide complexes (Aichinger et al, manuscript in prepara-
tion). 

Invariant chain has been reported to function as a chaperone for class II, facili-
tating transport out of the ER (Anderson and Miller, 1992), and it is also known 
to induce a change in the reactivity of class II with certain monoclonal antibodies, 
indicating that it influences the conformation of class II (Peterson and Miller, 
1990). Protection from protein binding may also be part of the explanation why 
the invariant chain facilitates class II transport out of the ER. 

Though genetically nonpolymorphic, several forms of invariant chain are syn-
thesized (Strubin et al, 1986). All are type II transmembrane proteins (i.e., they 
have the N-terminus located in the cytoplasm and the N-terminus located on the 
lumenal side) and appear to bind class II with similar efficiency. In man, two 
different initiation codons give rise to two different isoforms, Iip33 and Iip31 
(Strubin et al, 1986). The latter form is synthesized in larger amounts and is the 
main transported form of invariant chain. In contrast, Iip33, which has a 16-amino 
acid N-terminal extension, is an ER resident if expressed in the absence of class 
II (Lamb and Cresswell, 1992; Lotteau et al, 1990). Mutational analysis has dem-
onstrated that the N-terminal extension contains an arginine-rich ER retrieval motif 
reminiscent of the C-terminal KKXX retrieval motif present in many resident type 
I proteins (Jackson et al, 1990; Schutze et al, 1994). The function of Iip33 is not 
clear, but it may serve to increase the concentration of invariant chain in the ER, 
thus ensuring that class II molecules bind to invariant chain rather than to newly 
synthesized unfolded or partially folded proteins. Iip33 bound to class II does 
acquire carbohydrate modifications and thus it appears able to leave the ER to 
some extent (Newcomb and Cresswell, 1993). How class II induces transport of 
Iip33 is unknown, but it is possible that the arginine retrieval motif is being physi-
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cally covered by the class II molecules similar to what has been described for the 
human high-affinity IgE receptor (Letoumeur et al, 1995). Alternatively, class II 
binding may result in conformational change or post-translational modification of 
the Iip33 tail, thus making it invisible to the retrieval machinery. Iip31 is also 
transported poorly out of the ER in the absence of class II (though it is not actively 
retrieved) (Lamb and Cresswell, 1992; Lotteau et al, 1990) and it is possible that 
this is due to the formation of larger invariant chain complexes in the ER. Class 
II binding would in that case release invariant chain from the complexes for trans-
port out of the ER. 

In addition to the p31 and p33 forms of invariant chain, alternative splicing 
gives rise to two longer forms, Iip41 and Iip43. These forms of li result from the 
insertion of an additional exon in the lumenal domains of p31 and p33, respec-
tively (Strubin et al, 1986). Iip41 has been reported to improve the presentation 
of some antigens (Peterson and Miller, 1992), but does not appear to be essential 
in most cases. Interestingly, the peptide encoded by the inserted exon has been 
found naturally associated with the lysosomal protease cathepsin L and appears to 
inhibit and stabilize the enzyme (Ogrinc et al, 1993). It is possible to speculate 
that Iip41 is somehow decreasing the proteolytic activity during antigen pro-
cessing, thus modifying the spectrum of antigenic peptides available for binding 
to class II. The actual specific functions of the different forms of invariant chain 
are uncertain, however, and more experimental work is required to elucidate them. 

B. Endosomal Targeting by the Invariant Chain 

Invariant chain-class II complexes are thought to leave the ER as nonamers (Lamb 
and Cresswell, 1992; Roche et al, 1991), consisting of a core made up of three 
invariant chain residues with a class II a/3 heterodimer attached to each invariant 
chain residue. The complexes are transported through the Golgi complex where 
both class II and invariant chain acquire carbohydrate modifications. In contrast to 
most other cell surface proteins, including class I, which travel through the secre-
tory pathway to the plasma membrane, the class Il-invariant chain complexes 
are removed from the default pathway and instead are transported to endosomal 
compartments. It is not clear whether the endosomal sorting operation occurs 
mainly in the trans-Golgi network or at the cell surface, but very few invariant 
chain-class II complexes are present at the cell surface, indicating that sorting of 
these complexes is rapid and efficient (Neefjes et al, 1990; Roche et al, 1993). 
Deletion mutagenesis initially demonstrated that the N-terminal cytoplasmic tail 
of invariant chain p31 is responsible for the endosomal sorting (Bakke and Dob-
berstein, 1990; Lotteau et al, 1990) and further analysis by several groups has 
revealed the importance of two di-leucine-like motifs in this sequence (Bremnes 
et al, 1994; Odorizzi et al, 1994; Pieters et al, 1993; Pond et al, 1995). Di-
leucine-based endocytosis motifs were originally described in the T-cell receptor-
associated CD3 complex (Letoumeur and Klausner, 1992) and has subsequently 
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been reported in a number of different proteins located in the endosomal-lyso-
somal system (reviewed by Sandoval and Bakke, 1994). Either of the two motifs 
in invariant chain appears to be sufficient for endosomal targeting, and it is not 
obvious that two motifs are more efficient than one motif. Detailed analysis of the 
invariant chain tail has revealed the importance of an acidic residue 3 or 4 residues 
N-terminal to each di-leucine motif (Pond et al, 1995). Interestingly, internaliza-
tion of invariant chain from the cell surface was unaffected if the acidic residues 
were mutated, but the morphology of invariant chain-containing endosomal com-
partments was changed. When overexpressed in the absence of class II, invariant 
chain has a tendency to form large perinuclear vesicular structures of endosomal 
origin (Lotteau et ah, 1990; Romagnoli et al, 1993). These structures were not 
formed in cells transfected with invariant chain constructs lacking the acidic resi-
dues, and instead invariant chain was found in smaller vesicles. It is not clear that 
the targeting motif of invariant chain is able to direct it to a unique location, since 
similar motifs derived from other endosomal proteins, which themselves have a 
different localization, can also target invariant chain in a way similar to that of the 
wild-type tail. Thus, while the targeting motifs in the invariant chain tail are im-
portant for its endosomal location, other parts of the molecule must be involved 
in determining its final destination in the endosomal system. 

C. Peptide Loading of Class II 

Class II molecules at the cell surface contain peptides generated from proteins in 
the endocytic pathway of either exogenous or endogenous origin. In contrast to 
the peptides loaded onto class I, which are generated in the cytosol making trans-
port across the ER membrane necessary, the class II binding peptides are produced 
in the lumen of the endosomal system by lysosomal proteases (Blum and Cress-
well, 1988; Neefjes and Ploegh, 1992). These proteases are only active in acidic 
pH, and agents that increase endosomal pH efficiently block antigen presentation 
by class II (Machamer and Cresswell, 1984; Ziegler and Unanue, 1982). Several 
studies have tried to use protease inhibitors to determine the importance of differ-
ent proteases for generation of antigenic peptides (Bennett et al, 1992; Falo et al, 
1992; Morton et al, 1995), but the relatively broad specificity of these inhibitors 
makes it difficult to draw firm conclusions. It is also not clear whether class II 
molecules initially bind actual peptides or whether they bind to denatured and 
partially degraded proteins which are subsequently trimmed down by exoproteases 
to form peptides. Some support for the latter theory comes from the fact that class 
Il-associated peptides have rugged ends and do not appear to be preferentially 
generated in relation to any specific protease cleavage sites (Barber and Parham, 
1993). 

Removal of invariant chain from class II occurs after the invariant chain-class 
11 complexes have reached the endosomal system, and its removal is essential for 
presentation of antigen. The dissociation from class II can partly be inhibited by 
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the serine protease inhibitor leupeptin (Blum and Cresswell, 1988; Newcomb and 
Cresswell, 1993), and thus it appears that invariant chain, at least in leupeptin-
treated cells, is proteolytically degraded while bound to class II. In the absence of 
protease inhibitors it is difficult to demonstrate class II associated with invariant 
chain degradation products (other than CLIP, see below), and it cannot be totally 
excluded that the invariant chain fragments seen bound to class II in leupeptin-
treated cells represent rebinding to class II rather than incomplete removal of in-
variant chain from class II. 

An MHC class Il-encoded molecule, HLA-DM (DM) has been found to be 
essential for efficient peptide-class II association (Fling et al, 1994; Morris et al, 
1994). Human B cell lines lacking HLA-DM have been shown to be deficient in 
presentation of whole protein antigens, despite the fact that they can present exog-
enously added peptide antigens and contain normal class II and invariant chain 
genes (Ceman et al, 1992; Mellins et al, 1990; Riberdy et al, 1992). Reintroduc-
tion into these cell lines of the HLA-DM a and j8 chains (or the equivalent mouse 
molecule, H2-M), by transfection, restored antigen presentation ability (Denzin et 
al, 1994; Fling et al, 1994; Morris et al, 1994). Several lines of evidence indi-
cated that the class II molecules of the DM-deficient cell lines had an abnormal 
peptide content. First, certain conformation-specific monoclonal antibodies react 
poorly with the class II molecules expressed by the mutant cell lines, despite the 
fact that class II can be detected with other antibodies (Mellins et al, 1990). 
Second, class II molecules from normal B cell lines containing well-fitting pep-
tides often migrate as heterodimers in SDS-PAGE gels, as long as the samples are 
not heated (Sadegh-Nasseri and Germain, 1991; Stem and Wiley, 1992). Class II 
molecules derived from the mutant cell lines, in contrast, were unstable is SDS. 
Third, class Il-derived from the mutant cell lines, in contrast, were unstable is 
SDS. Third, class Il-derived peptides eluted from cell lines lacking HLA-DM were 
found to consist mainly of invariant chain peptides, derived from the CLIP (class 
Il-associated invariant chain peptides) region of invariant chain (Mellins et al, 
1994; Riberdy et al, 1992). These peptides can also be found associated with 
class II from normal cell lines, but to a much smaller extent. Recent reports have 
described in vitro experiments where purified or recombinant HLA-DM has been 
shown to induce peptide exchange in purified HLA-DR molecules, including the 
removal of CLIP (Denzin and Cresswell, 1995; Sloan et al, 1995). The fact that 
CLIP is binding in the peptide-binding groove of class II molecules derived from 
cells lacking DM (Wolf and Ploegh, 1995) suggests that the CLIP region of the 
intact invariant chain is binding to the peptide binding groove of class II and that 
the CLIP fragment is protected from proteolysis by its binding to class II. Loading 
of other peptides requires the removal of the CLIP fragment and it appears that 
DM is directly responsible for removing CLIP. In vivo, however, it is not clear 
that class II containing CLIP is the only substrate for DM, since DM can remove 
larger invariant chain fragments as well. Intact invariant chain, in contrast, has 
been reported not to be removed by DM (Denzin and Cresswell, 1995). 
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D . Compartments for Peptide Loading 

Where does invariant chain deliver class II and where does class II acquire pep-
tides? Electron microscopy has revealed the existence of morphological class II-
rich compartments in B cells, called MIIC (MHC class II compartment) (Peters et 
al, 1991). These compartments have multivesicular or multilamellar appearance 
and beside class II they contain lysosomal markers, including lysosomal proteases 
and lysosome-associated membrane proteins (lamps). Similar structures (without 
class II) have been described previously in other cell types as prelysosomes (Grif-
fiths et al, 1988), and it appears that the MIIC is closely related to these struc-
tures. Interestingly, expression of only class II a and j8 chains appears to induce 
MIIC formation in transfected human kidney cells (Calafat et al, 1994). Morpho-
logic studies cannot prove, however, whether the MIIC are involved in class II 
peptide loading; a number of groups have used different subcellular fractionation 
methods in order to characterize biochemically the compartments where class II 
molecules acquire peptides (Amigorena et al, 1994; Castellino and Germain, 
1995; Qiu et al, 1994; Tulp et al, 1994; West et al, 1994). The results of these 
studies do not give a clear answer, and it appears that different cell types and 
different separation techniques may influence the conclusions reached. Thus, while 
several studies have indicated dense lysosome-like compartments, possibly MIIC, 
to be responsible for peptide loading in different cell lines (Qiu et al, 1994; Tulp 
et al, 1994; West et al, 1994), two studies using the same murine B lymphoma, 
A20, but different methodologies, both found markers for early endosomes in the 
assigned loading compartments (Amigorena et al, 1994; Barnes and Mitchell, 
1995). Electron microscopy confirmed that the isolated compartments were not 
MIIC in this case (Amigorena et al, 1994). Castellino and Germain (1995) come 
to the conclusion that there is no distinct loading compartment, but that class II 
can acquire peptides throughout the endocytic pathway. Their experiments are dif-
ficult to interpret, though, since they were made with spleen cells containing a 
mixture of different cell types and cells in different stages of activation. The data 
from West et al (1994) suggest that a portion of the class II which does become 
loaded with peptide in dense compartments never reaches the cell surface, but 
instead remains in dense intracellular compartments, raising the possibility that the 
MIIC or part of the MIIC population is a biosynthetic dead end. An indication that 
a peptide loading compartment is likely to be a relatively minor modification of 
existing endosomal compartments also comes from our finding that HeLa cells 
transiently transfected with class II, invariant chain, and H2-M are able to produce 
peptide-loaded class II molecules (Karlsson et al, 1994). These data impHcate 
that, in mammaUan cells, class II, invariant chain, and H2-M are the minimally 
required specialized components necessary for efficient class Il-peptide associa-
tion. They do not exclude, however, that other molecules may be involved in 
modulating the peptide loading process, but do question the requirements for a 
specialized compartment of the endosomal-lysosomal pathway for class II loading. 
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Both H2-M and HLA-DM are largely absent from the cell surface; immuno-
fluorescence microscopy has shown that H2-M is located mainly to lysosome-
like structures when transfected by itself or with invariant chain, while electron 
microscopy has confirmed that HLA-DM is located to MIIC in B cell lines (Karls-
son et al, 1994; Sanderson et al, 1994). Both HLA-DMj8 and H2-M/3 contain 
sequences in their cytoplasmic tails resembling the tyrosine-based endosomal tar-
geting sequences seen in many other endosomal and lysosomal resident proteins 
(Trowbridge et al, 1993); mutation of this tyrosine residue to an alanine resulted 
in surface expression of the H2-M mutant (Lindstedt et al, 1995). Surprisingly, 
both endosomal localization and ability to induce peptide loading were restored in 
transfected cells expressing the truncated form of H2-M together with normal in-
variant chain. In contrast to what has been reported for HLA-DM, we found that 
H2-M does associate with invariant chain, and it appears that the invariant chain 
targeting motif is sufficient to direct class II and truncated H2-M to compartments 
where class II loading can occur. 

In conclusion, it is presently not clear where class II acquires peptides or 
whether all class II molecules get their peptides in the same compartment. Differ-
ent antigens are likely to have different sensitivity to proteases and are probably 
degraded with unequal efficiency. Class II molecules may be able to bind sensitive 
antigens in early compartments, thus protecting them from further degradation, or 
these antigens will have to be protected and delivered to a specific class II loading 
compartment by other transport molecules. Alternatively, only relatively protease-
resistant parts of antigens will survive long enough to reach a class II loading 
compartment, thus explaining why certain epitopes of a given antigen are more 
efficiently presented than other epitopes, despite the fact that peptides derived 
from both epitopes are equally capable of binding class II in vitro. Definite proof 
of where class II acquires peptides and how these are selected will require the 
establishment of in vitro systems where the delivery of loaded class II molecules 
to the cell surface from different isolated compartments can be monitored. 

IV. A N T I G E N P R E S E N T A T I O N B Y N O N C L A S S I C A L 

C L A S S I M O L E C U L E S 

A number of proteins have been found to be class I-related by virtue of their 
domain organization, structural homology, and association with /32-microglobulin. 
They are less polymorphic than class I molecules and are expressed at lower lev-
els, and often display limited tissue distribution (Stroynowski and Fischer-Lindahl, 
1994). They are called nonclassical class I molecules or class lb, and although 
their function as antigen-presenting molecules has been widely suggested, it is far 
from certain in most cases. Though it can be argued that the large number of class 
I-like molecules encoded inside and outside the MHC are irrelevant as presenting 
molecules as most of the T cell reactivity in peripheral compartments is clearly 
restricted by normal class I and class II molecules, their importance could come 
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from their potential involvement in antigen presentation in specific localizations, 
presentation of specific pathogens or peptides, or presentation of ligands other than 
the normal peptide antigens with which class I and II molecules deal. In this 
chapter, we will try to update what it is known about antigen presentation by 
nonclassical class I molecules from a molecular point of view. We will focus on 
the mouse system, as very little information is available regarding presentation 
and recognition of human nonclassical molecules. We will not discuss other mole-
cules with structural homology to class I which are known not to be presenting 
antigen. 

A. Molecules Derived from the Qa Region of the MHC 

Of the several molecules from the Qa region of the mouse, only Qa-2, encoded 
by the Q6-Q9 genes, has been studied extensively. Expression of the membrane-
bound isoform of Qa-2 is partially dependent on TAP proteins, which suggests 
that Qa-2 could require peptides derived from the class I processing pathway for 
its stable expression. Biochemical analysis of acid extracts from purified Qa-2^ 
antigens encoded by genes Q7 and Q9 showed the presence of bound peptides, 
suggesting that Qa-2 is functionally similar to class I molecules (Rotzschke et ai, 
1993). Protein sequencing of pooled, eluted peptides suggested that these were 
nonamers with main anchor residues at positions 7 and 9 with several auxiliary 
anchor residues. This analysis was corroborated by the study of a soluble isoform, 
Q7^, which was also shown to be associated mostly with nonameric peptides 
(Joyce et ah, 1994). The number of different peptides bound to Qa-2 was esti-
mated to be at least 200, thus in a range similar to that for class I molecules (200-
1000) (Hunt et ah, 1992). All identified peptides derived from known sequences 
corresponded to endogenous proteins of cytosolic localization, which again sug-
gests that Qa-2 acquires peptides by the normal class I processing pathway. Sur-
prisingly, no T cell responses restricted by Qa-2 have been described. 

B. Molecules Derived from the Tla Region of the MHC 

A variable number of genes are encoded in the Tla region of the mouse MHC 
depending on the strain analyzed, but no human equivalents have been found. Tla 
genes range from pseudogenes and genes which are transcriptionally silent or 
where the RNA transcripts are poorly spliced to genes with a restricted pattern of 
expression (the TL antigen, encoded by the T3^IT18^ gene pair) and genes tran-
scribed in most tissues (represented by T10/T22) (Eghtesady et ai, 1992). 

Although T-cell responses to Tla products have been reported (Bonneville et 
ai, 1989; Ito et al, 1990) and TL binds CDS, the accessory molecule involved in 
class I recognition (Teitell et al, 1991), the presenting properties of Tla antigens 
are debatable and have been proved only in a few cases. 

The putative peptide-presenting properties of TL antigen (TS^) have been stud-
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ied biochemically. Analysis of acid-extracted material from purified TL molecules 
expressed in transfected cell lines did not contain any identifiable peptides (H. R. 
Holcombe, unpublished). Screening of peptide display phage libraries with soluble 
TL, a technique that has proved useful for analyzing peptide binding properties of 
other classical and nonclassical class I and class II molecules (Castano et al., 
1995; Hammer et al, 1992, 1993; Miller et al, manuscript in preparation) failed 
to select any specific phage clones, which questions the peptide binding capacity 
of TL (A. R. Castano and J. E. W. Miller, unpubHshed). Furthermore, TL is trans-
ported out of the ER in the absence of TAP proteins, indicating that TL is not 
loaded with cytosolic peptides (Holcombe et al, 1995). It is conceivable that the 
complex of TL and j82-microglobulin could acquire peptides from a distinct pro-
cessing pathway. This does not seem to be the case, however, as peptide-free TL/ 
/32-microglobulin complexes expressed in Drosophila melanogaster are stable to 
thermal denaturation at physiological temperatures, which would allow their trans-
port and expression at the cell surface without the requirement for peptide binding. 
Recognition by T cells expressing yd T cell receptors of the Tla gene product T22 
was similarly independent of TAP and seemed not to be affected by the absence 
of conventional antigenic peptides (Schild et al, 1994; Weintraub et al, 1994). 

The only well-characterized example of antigen presentation by a Tla product 
is the presentation by the T23^ gene product. This gene encodes the inappropri-
ately named Qa-l*' (Qa-1.2) antigen (Wolf and Cook, 1990), to which a number 
of T-cell responses have been described. Aldrich et al, (1994) have demonstrated 
that about 30% of the Qa-1 determinants defined by allogeneic T cells are due to 
the presentation by Qa-1 of a nonamer peptide derived from the signal sequence 
of the D'* or L^ class I antigens. Peptide presentation by Qa-1 displays features 
similar to normal class I presentation not only regarding the length of the peptide, 
but also in its dependence on the TAP transporters. 

In summary, although recognition of Tla gene products by T cells has been 
documented, peptide presentation ability seems doubtful for some antigens, such 
as TL and T10/T22, while other T/a-encoded molecules seem to bind and present 
a small repertoire of peptides. Nonpeptide antigens have been reported to be pre-
sented to T cells, and it is an open question whether r/a-derived molecules are the 
presenting elements in some of these cases (Morita et al, 1994; Beckman et al, 
1994; Constant et al, 1994). 

C. The H2-M3 Molecule 

Telomeric to the Qa-Tla region lies the H2-M region (which is not identical with 
the H2-M region involved in class II presentation), which harbors at least eight 
genes, four of which are pseudogenes (M4, M6, M7, and M8), and two of which 
{Ml and M5) have not been shown to be transcribed. M2 is transcribed at low 
levels in the thymus and M3 is well expressed in many tissues (Wang and Fischer-
Lindahl, 1993). H2-M3 encodes the presenting molecule of the maternally trans-
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mitted factor (Wang et al, 1991), an N-formylated peptide derived from the NDl 
subunit of the NADH mitochondrial dehydrogenase (Loveland et al, 1990; 
Shawar et al, 1990), which constitutes the maternally transmitted antigen (Mta) 
defined by cytotoxic T cells (Fischer-Lindahl et al, 1986). Subsequent analysis of 
the presenting capabilities of the M3 molecule showed a unique specificity for 
formylated peptides (Vyas et al, 1992). The 13 proteins encoded in the mitochon-
drial genome, NDl being one of them, are the only mammalian proteins con-
taining N-formyl methionine, while formyl-methionine is the amino acid used to 
initiate protein synthesis in prokaryotes, suggesting a putative role for M3 in pres-
enting bacterial antigens to cytotoxic T cells. Such a role has been demonstrated 
by the presentation of formylated peptides of bacterial origin to specific cytotoxic 
T cells after infection with Listeria monocytogenes (Kurlander et al, 1992; Pamer 
et al, 1992). Thus, M3 constitute the first example of an MHC molecule specifi-
cally adapted to deal with specific pathogens. The molecular basis for that specific 
function has been shown with the determination of the three-dimensional structure 
of a complex between M3 and a NDl-derived peptide (see below) (Wang et al, 
1995). Little is known about the processing pathway for formylated peptides, but 
the low level of M3 reactivity in RMA-S, a cell line which lacks functional pep-
tide transporters, suggests that peptide binding occurs in the ER and that peptides 
are translocated by the TAPs (Hermel et al, 1991). 

D. CDl Molecules 

CDl comprise a heterogeneous group of nonpolymorphic molecules encoded out-
side the MHC. Two CDl genes on mouse chromosome 3 and five CDl genes on 
human chromosome 1 encode two groups of proteins remotely homologous to 
both class I and class II MHC molecules. Several reports have described T cell 
lines (using either aj8 or yd receptors) reacting to different CDl molecules (Balk 
et al, 1991; PorceUi et al, 1989). In one case a human CDl molecule (CDlb) 
was able to present antigens from Mycobacterium tuberculosis extracts to aj8 T 
cells (PorceUi et al, 1992). Surprisingly, the antigen recognized by this T cell line 
seems to be a processed form of mycolic acid, a lipid exclusive to the cell wall of 
mycobacteria (Beckman et al, 1994), suggesting that CDlb could bind and pres-
ent lipids, as class I molecules present peptides. Other T cell lines have subse-
quently been shown to recognize metabolites from another mycobacterial glyco-
lipid, lipoarabinomannan, in the context of CDlb (Sieling et al, 1995). The 
structures of the mycobacterial compounds are quite different and it remains to be 
elucidated which are the specific structures actually bound and presented by CDlb. 
We have used random peptide phage display technique and synthetic peptides to 
analyze the peptide-binding capacity of murine CDl, which is less than 40% ho-
mologous in its alal domains to human CDlb. We found that murine CDl is 
able to bind peptides with similar characteristics to MHC class I and class II 
molecules (see below) (Castafio et al, 1995). Furthermore, we were able to gener-
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ate peptide-specific CD 1-restricted T-cell responses, indicating the immunological 
relevance of the peptide binding and establishing that murine CDl can indeed be 
an antigen-presenting molecule which can present a unique set of peptides with 
hydrophobic characteristics. It is presently not known whether the human CDl 
molecules, especially CD Id, the human counterpart of murine CDl, are able to 
present peptides or if mouse CDl, besides binding peptides, is also able to bind 
lipids. Little is known about the antigen-processing pathway for CDl presentation, 
but it appears that lysosomal acidification is required for presentation by CD lb 
(Sieling et al, 1995), as is the case for class II presentation. CDl expression is 
also independent of the TAP transporters (Hanau et al, 1994; Teitell et al, 1995) 
and does probably not require binding of peptides, as the complex of CDl and 
j82-microglobulin is intrinsically stable to thermal denaturation at physiological 
temperatures (A. R. Castafio, unpublished). 

V. P E P T I D E B I N D I N G B Y C L A S S I, C L A S S II, A N D 

NONCLASSICAL CLASS I MOLECULES 

Considering their overall similarity, it is not surprising that the peptide binding 
grooves of class I and class II molecules are similar to each other (Figs. 3A and 
3B). Closer analysis, made possible by the availability of several class I crystal 
structures and one class II crystal structure, does reveal distinct differences, how-
ever, regarding both the shape of the grooves and the way peptides are anchored 
in them (Bjorkman et al, 1987a,b; Brown et al, 1993; Fremont et al, 1992; 
Madden et al, 1992, 1993; Matsumura et al, 1992; Stem et al, 1994). 

The peptide binding site of class I molecules is formed by the a l and al 
domains of the heavy chain, which fold to form a base of j8 sheets with two a 
helices located on top. Peptides bind to the groove formed between these two 
helices. In class I molecules the groove is closed at both ends, in one end by the 
formation of a salt bridge between the two helices and a ring of conserved tyrosine 
residues which bind to the N-terminus of the peptide, and in the other end of the 
groove by a conserved triad of amino acids which bind the C-terminus of the 
peptide (Fremont et al, 1992). The fact that the groove is closed explains why 
short peptides, between 8 and 10 amino acids, are preferred for class I binding. 
Some length differences can be accommodated by the peptide bulging out in the 
middle (Fremont et al, 1992; Guo et al, 1992), but distinctly longer peptides can 
only bind by extending out of the pocket (Collins et al, 1994). In general this is 
less favorable and is thought to occur infrequently, except in certain class I mole-
cules. Peptide binding specificity is achieved by pockets in the peptide binding 
groove with geometrical and chemical complementary for some of the side chains 
of the peptide. The location and specificity of the pockets explain the differences 
in binding specificity for different class I molecules. Some of the pockets are 
highly specific, and peptide residues that fit in these pockets (i.e., anchor residues) 
are important for peptide binding. They do not constitute an absolute requirement 
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for binding, however, as peptides without anchor residues can occasionally bind 
with strong affinity. In addition to the specific anchor residues, the N- and C-
temiini of the peptides are important for binding to the class I molecule and they 
normally also are buried in binding pockets (Matsamura et al, 1992). Crystal 
structures of the same class I molecule associated with different peptides have 
revealed that a relatively small part of the peptide protrudes from the surface of 
the class I molecule, but also that binding of different peptides induces structural 
differences in the class I molecules themselves (Fremont et al, 1992). The com-
bined surface created by a particular class I-peptide combination, rather than only 
the peptide, is therefore likely to be what the T-cell receptor recognizes. 

The binding site in class II molecules is derived from the a l and j81 domains 
of the class II molecule and, like the site in class I molecules, it is formed by two 
helices on top of a /3 sheet. In contrast to the situation in class I, however, the 
class II groove is not closed off at the ends and instead the peptides bound to 
class II can extend out of the pocket at both ends (Brown et al, 1993; Rudensky 
et al, 1991; Stem et al, 1994). This means that there are no strict size limitations 
on the peptides bound to class II and that longer peptides or even small proteins 
can bind (Sette et al, 1989). The fact that the peptide protrudes out of the binding 
pocket can also allow for in situ trimming of the ends by exoproteases, or in the 
case of invariant chain removal, for degradation of the invariant chain while the 
CLIP region remains protected by its location in the peptide binding groove. 

The class II molecule for which the crystal structure has been determined 
(HLA-DRl) has only one highly specific binding pocket, while several other shal-
low pockets contribute to the binding specificity (Stem et al, 1994). Since the N-
and C-termini are not anchored, they do not contribute to the binding affinity and 
peptide binding to class II is instead determined by a single anchor position and a 
large number of sequence-independent interactions with the backbone of the pep-
tide. Class II proteins can therefore accommodate a large number of different 
peptides by compensating for unfavorable interaction in one or more shallow 
pockets with favorable interactions elsewhere along the peptide. 

Peptide binding by class lb molecules most likely cannot be enclosed in a 
common category, since different molecules have different properties, but two 
molecules have been analyzed with enough detail to be discussed here. 

The three-dimensional stmcture of the M3 molecule, in association with a pep-
tide derived from NDl, shows that the pocket which accommodates the N-termi-
nus of the peptide in class I molecules is occluded by a general rearrangement of 

FIGURE 3. Three-dimensional structures of MHC molecules/peptide complexes. (A) H2-K^ class I 
molecule with a vesicular stomatitis virus peptide (Fremont et al, 1992); (B) HLA-DRl class II 
molecule with an influenza virus peptide (Stem et al, 1994); (C) H2-M3 class lb molecule with the 
fNDl peptide (Wang et al, 1995). The view is from the top of the molecules showing the molecular 
surface of the MHC-presenting molecule and the Ca and side-chain atoms of the specific bound pep-
tides. 
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the side chains of the amino acids in the wall of the pocket (compare Fig. 3 A with 
Fig. 3C). Instead, the formylated N-terminus is accommodated in a pocket more 
centrally located in the groove, where the formyl group is held by a network of 
hydrogen bonds involving five amino acid residues and a water molecule. The 
methionine side chain is completely buried in the same pocket (Wang et al, 1995). 
The other end of the groove accommodates peptides of different lengths, as op-
posed to class I molecules, and the C-terminus extends out of the groove. The first 
four residues of the peptide contribute most to the binding affinity, which explains 
why short peptides are able to bind (Vyas et al, 1995). No specificity besides the 
N-formyl methionine seems to be required for peptide binding by M3, but aro-
matic residues are preferred in position 2 (A. R. Castano and J. E. W. Miller, 
unpublished) and hydrophobic residues are favored in general as the peptide bind-
ing groove is significantly more hydrophobic than the class I binding groove. 

Peptide binding to murine CDl has been characterized biochemically. This mol-
ecule is able to bind peptides containing a stringent motif consisting of an aro-
matic residue in position 1, a long aliphatic residue in position 4, and a tryptophan 
in position 7 (Castano et al, 1995). Peptide binding is similar to binding by class 
II molecules in that long peptides are required, with both N and C termini hanging 
out from the peptide binding groove. Resemblance to peptide binding by class I 
comes from the selectivity of the three anchor positions, mutations of which 
highly impair binding to CDl, as is the case with class I-peptide interactions. 
Therefore, peptide binding to mouse CDl seems to have distinct characteristics 
with features of peptide binding both to class I and class II, in concordance with 
its similar level of homology to both MHC molecules. 

VI. C O N C L U S I O N S 

The antigen-processing pathways for class I and class II are surprisingly different 
considering that T cells expressing the same type of T cell receptors (but different 
coreceptor molecules) can react either with peptide-class I complexes or with 
peptide-class II complexes. The processing pathway for class I molecules is pres-
ently better understood, partly due to the fact that most of the major events occur 
in the ER which is better known and easier to access than the endosomal system 
where class II antigen processing occurs. Class II processing is intensely studied, 
however; several recent reports have made progress in trying to define where class 
II molecules acquire peptides and which molecules are involved in this process. 
The coming years will undoubtedly reveal more details on how class I, class II, 
and nonclassical class I molecules acquire their ligands and how these are pre-
sented to T cells. 
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I. I N T R O D U C T I O N 

Design of effective mucosal vaccines requires information about the cellular and 
molecular mechanisms that operate during sampling of antigens across mucosal 
barriers, and about the strategies that pathogens use to exploit these sampling 
systems. The vast mucosal surfaces of the gastrointestinal and respiratory tracts 
are lined largely by a single layer of epithelial cells sealed by tight junctions. In 
the intestine, this barrier is generally effective in excluding peptides and macro-
molecules with antigenic potential (Madara et al, 1990). Uptake of macromole-
cules, particulate antigens, and microorganisms across intestinal epithelia can oc-
cur only by active transepithelial vesicular transport, and this is restricted by 
multiple mechanisms including local secretions containing mucins and secretory 
IgA antibodies (Neutra et al, 1994a), rigid, closely packed microvilli (Mooseker, 
1985), the "glycocalyx" which is a thick (400-500 nm) layer of membrane-an-
chored glycoproteins (Ito, 1974; Maury et al, 1995), and adsorbed pancreatic en-
zymes and stalked glycoprotein enzymes responsible for terminal digestion (Se-
menza, 1986). The glycocalyx of enterocytes is both a highly degradative 
microenvironment and a diffusion barrier, impeding the access of macromolecular 
aggregates, particles, viruses, and bacteria, and preventing direct contact with the 
microvillus membrane (Amerongen et al, 1991; Apter et al, 1993). Although 
enterocytes can endocytose intact proteins, the combined digestive activities of the 
enterocyte surface and the lysosomes tends to discourage transport of intact anti-
gens across the epithelial barrier. 
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II . T H E F O L L I C L E - A S S O C I A T E D E P I T H E L I U M 

AND M C E L L S 

The cardinal feature of the foUicle-associated epitheUum (FAE) is the presence of 
M cells that provide functional openings in the epithelial barrier through vesicular 
transport activity (review: Neutra and Kraehenbuhl, 1992; Neutra et al, 1994b). 
In M cells, unlike most epithelial cells, transepithelial vesicular transport is the 
major pathway for endocytosed materials. The M-cell basolateral surface is deeply 
invaginated to form a large intraepithelial "pocket," a structural modification that 
shortens the distance from apical to basolateral surface and ensures that trans-
cytosis is rapid and efficient. Transcytosed particles and macromolecules are deliv-
ered primarily to the intraepithelial pocket. 

Multiple types of immigrant cells have been identified in M-cell pockets by 
immunolabeling of rodent, rabbit, and human Peyer's patches (Ermak and Owen, 
1986; Jarry et al, 1989; Ermak et al, 1990; Farstad et al, 1994). In all species, 
both B and T cells were present along with a small number of macrophages. The 
phenotypes of these cells suggest that T cells can interact with antigen-presenting 
B cells in the pocket and that B lymphoblast traffic into the M-cell pocket allows 
continued antigen exposure, and extension and diversification of the immune re-
sponse (Farstad et al, 1994). Below the epithelium of the dome lies an extensive 
network of dendritic cells and macrophages intermingled with CD4^ T cells and 
B cells from the underlying follicle (Ermak and Owen, 1986; Farstad et al, 1994). 
Viruses and bacteria that use the M cell as an invasion route can infect and destroy 
M cells and local macrophages. 

The M-cell apical surface differs from that of intestinal absorptive cells in the 
increased accessibility of the plasma membrane, and the predominance of endo-
cytic domains that function in endocytosis of macromolecules, particles, and mi-
crobes (Neutra et al, 1988). The organization of the apical cytoskeleton in M cells 
is distinct: they generally lack typical brush borders with uniform microvilli, and 
the actin-associated protein vilUn that is confined to microvillar cores in entero-
cytes is diffusely distributed in M cells (Kernels, S., Bogdanova, A., Colucci-
Guyon, E., Kraehenbuhl, J. P., and Pringault, E., submitted), reflecting their 
modified apical organization and perhaps their ability to respond to adherence of 
microorganisms with ruffling and phagocytosis. 

III . M - C E L L M E M B R A N E S 

Most (but not all) M cells lack the uniform thick glycocalyx seen on enterocytes, 
but their apical membranes do display abundant glycoconjugates in a cell coat that 
varies widely in thickness and density (Bye et al, 1984). In several species M 
cells have been shown to have specific glycosylation patterns that distinguish them 
from their epithelial neighbors (Clark et al, 1993; Falk et al, 1994; Giannasca et 
al, 1994). These lectin binding sites are found not only on M-cell apical mem-
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branes but also on intracellular vesicles and basolateral membranes, including the 
pocket domain, and on basal processes that extend 10 fjum or more into the under-
lying lymphoid tissue (Giannasca et al, 1994). These extensions could make direct 
contact with lymphoid or antigen-presenting cells in the subepithelial tissue and 
might play a role either in the induction of the unique M-cell phenotype or in the 
processing and presentation of antigens after M-cell transport. In addition, there 
is diversity in the glycosylation patterns of individual M cells within a single 
FAE that might expand the possible microbial lectin-M-cell surface carbohydrate 
interactions of the local M-cell population (Giannasca et al, 1994; Neutra et al, 
1996). 

Adherent macromolecules or particles bound to the apical plasma membranes 
of M cells are efficiently endocytosed or phagocytosed (Neutra et al, 1987). It 
follows that pathogens or vaccines that can bind selectively to M cells would be 
most effective in mucosal invasion and induction of mucosal immune responses, 
and this assumption underlies many of the current approaches to vaccine design. 
Rapid binding and uptake of polystyrene or latex beads that adhere to M cells 
(Pappo and Ermak, 1989), along with the lectin binding studies described above, 
suggest that particles or microorganisms with hydrophobic surfaces as well as 
those with appropriate lectin-like adhesins could interact with M-cell surfaces. 
Lectins that fail to recognize mucins and other cells could be highly M-cell-selec-
tive, whereas hydrophobic particles would also interact with mucus and the glyco-
calyx of enterocytes on villi and this would tend to reduce the efficiency of M-
cell uptake. 

M-cell membranes contain the glycolipid GMl and bind cholera toxin. Cholera 
toxin B subunit (CT-B), the nontoxic pentameric portion of the toxin responsible 
for binding to the membrane glycolipid GMl, can enhance mucosal immune re-
sponses when coupled directly to antigen, and this is thought to be due in part to 
the ability of CT-B to enhance mucosal adherence and uptake (Dertzbaugh and 
Elson, 1991; Nedrud and Lamm, 1991). Although soluble CT-B binds to apical 
membrames of all intestinal cells, EM studies showed that cholera toxin or its B 
subunit adsorbed to colloidal gold particles lost the ability to bind to enterocyte 
brush borders (presumably due to the diffusion barrier created by the thick entero-
cyte glycocalyx) but still adhered to a subpopulation of M cells. This suggested 
that adding CT-B to the surfaces of particulate vaccine vectors or carriers (such as 
copolymer microspheres) would enhance M-cell transport. However, when CT-B 
was immobilized on the surfaces of l-/xm particles, they failed to adhere either to 
enterocytes or to M cells. The inability of l-/im particles to bind to M cells via 
the glycolipid receptor was shown to be due to the molecular barrier to large 
particles provided by the M-cell glycocalyx (A. Frey, W. Lencer, K. Giannasca, R. 
Weltzin, and M. Neutra, unpublished data). Thus, the M-cell targeting ability of 
CT-B may be limited to relatively small macromolecular complexes or particles. 
This has important implications for its use in targeting of oral vaccines to the 
mucosal immune system. 
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IV. L O C A L A N T I G E N U P T A K E AND R E G I O N A L 

I M M U N E R E S P O N S E S 

There are regional differences in M-cell surface glycoconjugates that must be 
taken into account when using Hve vectors as mucosal vaccines for region-specific 
pathogens. It is now clear that the location in which M-cell transport and inductive 
events occur has a profound influence on the subsequent regional distribution of 
specific IgA plasma cells and IgA secretion (Mestecky et al, 1994). This was 
demonstrated in human studies using poliovirus and the polio vaccine: a secretory 
immune response against poliovirus was demonstrated in colon but not in naso-
pharynx following immunization of distal colon (Ogra and Karzon, 1969). Simi-
larly, secretory immune responses to Sendai virus were concentrated in either the 
digestive tract or the airways, when administration of antigen was carefully re-
stricted either to the stomach or the trachea (Nedrud et al, 1987). Similarly, CT 
instilled into proximal intestine, distal intestine, or colon evoked highest levels of 
specific anti-toxin secretory IgA in the segment of antigen exposure (Pierce and 
Cray, 1982). We have quantitatively analyzed local IgA responses using "wicks" 
made of an absorbent filter material for direct retrieval of secretions associated 
with mucosal surfaces of the gastrointestinal system and vagina of mice (Haneberg 
et a/., 1994). After immunization of mice via different mucosal routes with cholera 
toxin (Haneberg et al, 1994) or with recombinant Salmonella vector expressing a 
foreign antigen (Hopkins et al, 1995), only the rectal immunization route pro-
duced high levels of specific sIgA in the mucus coating the rectum and distal 
colon. Lymphoid follicles with M cells are particularly numerous in the distal 
colonic and rectal mucosa of humans (O'Leary and Sweeney, 1986; Langman and 
Rowland, 1986). This and other alternative mucosal immunization sites are cur-
rently being tested in experimental animals and humans, and the information 
gained will be important for future design of mucosal vaccines against HIV. 

V. I N T E R A C T I O N S O F M I C R O O R G A N I S M S W I T H M C E L L S 

As noted above, M-cell membrane surfaces display distinct oligosaccharides that 
may be important determinants in selective M-cell adherence of certain enteric 
pathogens. However, the microbial surface molecules that mediate adherence of 
bacteria or viruses to M cells have not been identified. M-cell recognition and 
transport of pathogens is an important first step in initiation of antimicrobial im-
mune responses, but this carries the risk of infection and disease since microorgan-
isms can initiate mucosal and/or systemic disease by crossing the epithehal barrier 
(review Neutra et al, 1996). A wide range of gram-negative bacteria bind selec-
tively to M cells, including Vibrio cholerae (Owen et al, 1986; Winner et al, 
1991; Neutra et al, 1994b), some strains of Escherichia coli (Inman and Cantey, 
1983; Uchida, 1987), Salmonella typhi (Kohbata et al, 1986), Salmonella typhi-
murium (Jones et al, 1994), Shigella flexneri (Wassef et al, 1989), Yersinia enter-
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ocolitica (Grutzkau et al, 1990), Yersinia pseudotuberculosis (Fujimura et al, 
1992), and Campylobacter jejuni (Walker et al, 1988). Viruses that use M cells 
as a route of entry include reovirus (Wolf et al, 1981), poliovirus (Sicinski et al, 
1990), and possibly HIV (Amerongen et al, 1991). 

Viruses are relatively simple molecular packages that rely on adherence to ex-
ploit the normal endocytic and transport activities of M cells (Nibert et al, 1991; 
Amerongen et al, 1994). Bacteria, in contrast, use more complex strategies: for 
example they can enzymatically alter the host cell surface, initiate signal transduc-
tion events that promote internalization, and recruit inflammatory cells which in 
turn alter the epithehal barrier (Sansonetti, 1991; Pace et al, 1993; BHska et al, 
1993). M-cell adherence and uptake of bacteria is likely to involve a sequence of 
events including initial recognition (perhaps via a lectin-carbohydrate interaction) 
followed by more intimate associations that could require expression of additional 
bacterial genes, processing of M-cell surface molecules, activation of intracellular 
signalling pathways, and recruitment of integral or submembrane M-cell proteins 
to the interaction site. Recognition and adherence to M cells is a prerequisite, and 
current studies are aimed at identifying the M-cell surface components that serve 
as receptors and determining the accessibility of these receptors to specific viral 
or bacterial ligands. 

VI. C O N C L U S I O N 

Information about the mechanisms underlying the interactions of microorganisms, 
toxins, and particles with M cells will be useful for design of new mucosal immu-
nization strategies. Our goal is shared by many research groups: to enhance deliv-
ery of attenuated bacterial vaccine strains, live viral and bacterial vectors con-
taining recombinant proteins or genes, and nonliving, particulate immunogens to 
the mucosal immune system. 
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I. I N T R O D U C T I O N 

Differentiation of specific epithelial cell lineages during development, as well as 
epithelial plasticity in response to hetelogous cell-to-cell cross-talk during adult 
life, accounts for the large variety of functions which are performed by the several 
hundred square meters of mucosal surfaces found in the human body. Among their 
functions, mucosa should sample antigens and microorganisms from the outside 
world, in order to trigger the development of either tolerance or immune responses 
(Neutra et ah, 1995). 

In simple epithelia, this sampling and transport of antigens is restricted to sites 
where the mucosal surface contacts organized lymphoid tissue, which is overlaid 
by a special epithelium, i.e., the follicle-associated epithelium (FAE). Such struc-
tures are found in the nasal cavity, the bronchi (Sminia et al, 1989), and the gut. 

In the gut, this structure is called Peyer's patch, and forms a distinct functional 
unit specialized to trigger a local immune response. Nutritional functions and anti-
bacterial defenses are lost at these sites (Neutra and Kraehenbuhl, 1992). The M 
cells, a specialized cell type found scattered in the foUicle-associated epithelium, 
play a key role in mucosal immunity by their capacity to sample and transport 
macromolecules (Owen, 1977; Neutra et al, 1987), microorganisms (Wolf et al, 
1981; Owen et al, 1986; Kohbata et al, 1986), and inert particles (Lefevre et al, 
1978; Pappo and Ermak, 1989) from the lumen into the underlying lymphoid tis-
sue. M cells can be distinguished by electron microscopy from neighboring entero-
cytes by the absence of a brush border and a huge invagination of the basoleral 
membrane, forming a pocket which contains lymphocytes and/or macrophages. 
The lack of a typical brush border and its associated glycocalix could facilitate 
access and adherence of particles and microorganisms, while the basolateral mem-
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brane of M cells interacts with cells of the mucosal immune system (Bhalla and 
Owen, 1983). 

Most studies on M cells have been restricted to morphological analyses. Since 
M cells are a minority cell population, the obtainment of substantial amounts of 
enriched or purified M-cell preparation cannot be achieved, thus precluding bio-
chemical studies. Furthermore, attempts to identify specific markers (monclonal 
antibodies or specific cDNAs) have failed. Whether M cells are of epithelial, intes-
tinal, or mesenchymal origin has been controversial. 

II. EPITHELIAL O R I G I N O F M CELLS 

As a first attempt to study the ontogeny and mechanism of M-cell formation, 
we have investigated the expression of three tissue-specific cytoskeletal proteins 
(cytokeratins, vimentin, and viUin) that are reliable markers of cell origin. These 
proteins also play crucial roles in the specific shape of epithelial cells and assem-
bly of the highly specialized apical cell surface of enterocytes. 

A. Mouse M Cells Do Not Express the Mesenchymal 
Marker Vimentin 

Expression of vimentin, an intermediate filament protein absent in epithelial cells 
but present in mesenchymal cells, has been reported in M cells from rabbit FAE, 
together with epithelial-specific cytokeratins (Gebert et ah, 1992; Gebert and 
Hach, 1992). This observation has greatly contributed to the controversy about M-
cell origin (epithelial vs mesenchymal). However, these data do not rule out phe-
notypic plasticity of M cells under certain conditions, which would allow the coex-
pression of these two types of intermediate filaments, as observed in epithelial 
cells when grown in vitro. 

The locahzation of cytokeratins and vimentin was analyzed on mouse FAE 
by inmiunocytochemistry. Epithelial-specific cytokeratins were expressed in both 
absorptive enterocytes and M cells, while vimentin was not detected in mouse 
FAE. To further confirm the absence of vimentin expression in mouse FAE cells, 
we took advantage of transgenic mice in which the nls-lacZ gene was introduced 
into one allele of the vim locus by homologuous recombination (Colucci-Guyon et 
al, 1994). In such mice, the vimentin promotor drives the expression of the nu-
clear j8-galactosidase in all vimentin-expressing cells. No nuclear j8-galactosidase 
activity was detected in M cells of Peyer's patch FAE from these mice, while 
endothelial cells and macrophages were strongly positive (Kemeis et al, 1996). 

B. Cytosolic Distribution of \^llin in M Cells Correlates with the 
Absence of Brush Border 

In intestinal cells, assembly of the F-actin network in the brush border occurs as 
a stepwise process (Coluccio and Bretscher, 1989; Shibayama et al, 1987) that 
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requires the expression and the recruitment of specific actin binding proteins (Mat-
sudaira and Burgess, 1979), including villin (Bretscher and Weber, 1980; Pringault 
et al, 1991) and fimbrin (Matsudaira and Burgess, 1979). Villin was demonstrated 
to be a key component of brush-border assembly (Friederich et al, 1989, 1990; 
Costa de Beauregard et al, 1995) and displays a tissue-specific pattern of expres-
sion, mainly in epithelial cells developing a brush border (Robine et al, 1985; 
Pringault et al, 1986). In addition, this protein was shown to be expressed early 
in the differentiation of endodermic and committed intestinal cells, and has been 
used as a marker to identify their derivatives (Maunoury et al, 1988, 1992). In 
adult small and large intestine, villin is already expressed in the proliferative cell 
compartment located in the crypts, in addition to the differentiated enterocytes 
lining the villi (Robine et al, 1985; Boiler et al, 1988). Villin was not detected 
in nonepithelial cells at any stage of development or in adults. 

Therefore, whether or not villin expression is found in M cells could have 
important implications for the understanding of their origin, their differentiation, 
and the molecular mechanisms underlying their specialized functions. 

We have shown that villin was expressed in both enterocytes and M cells from 
the FAE (Kernels et al, 1996). This protein had an unusual cytoplasmic distribu-
tion in FAE cells lacking a brush border and in cells displaying an intraepithelial 
pocket filled with lymphocytes. Thus, the cytoplasmic distribution of villin pro-
vides a new identification criteria for M cells and reflects the reorganization of the 
F-actin network, which correlates with the inability of M cells to assemble a brush 
border. 

Villin expression in M cells is consistent with their epithelial intestinal origin 
and confirms that M cells and adjacent absorptive enterocytes both derive from 
the same stem cells anchored in the crypts. 

It has been established that villin plays a key role in the organization and plas-
ticity of the F-actin network. First, spontaneous brush-border assembly, in vivo 
and in intestinal cultured cells, occurs with increased expression of villin and con-
comitant recruitment of the protein to the apex of the cell (Robine et al, 1985). 
Second, when villin is overexpressed in fibroblast-like CVl cells following cDNA 
transfection, villin induces the formation of microvilli containing F-actin bundles 
(Friederich et al, 1989). Third, suppression of villin expression by antisense 
RNAs in cultured enterocytes prevents the brush-border assembly and the localiza-
tion of intestine-specific hydrolases in the apical membrane (Costa de Beauregard 
et al, 1995). F-actin disappears from the cell apex while stress fibers develop at 
the base of the cells, without altering the epithelial polarity. This redistribution of 
the F-actin network and the loss of brush-border assembly can be reversed by 
blocking the effect of antisense RNAs. 

In M cells, villin accumulates at high levels in the cytoplasm but seems to be 
unable to exert its morphogenic effect, reflected by the absence of induction of 
microvillus growth and brush-border assembly. The molecular mechanism block-
ing brush-border assembly has not yet been elucidated. In vitro studies have dem-
onstrated that villin controls the gelation/solation of F-actin in a calcium-depen-
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dent manner (Glenney et al, 1981), by inducing bundling of preformed F-actin 
filaments in the absence of calcium, whereas increasing the calcium concentration 
induces severing of F-actin filaments by villin. The unusual distribution of villin 
in M cells could reflect a bias in favor of the severing activity, due to an increase 
in local calcium concentration. Alternatively, M cells could express another actin-
binding protein which competes with villin and blocks brush-border assembly. 

C. Mouse FAE Displays Intermediate Phenotypes between 
Absorptive Enterocytes and M Cells 

Intermediate phenotypes with moderate levels of cytoplasmic villin and hypomor-
phic brush borders were also observed. Such heterogeneity suggests that there is a 
continuum between well-differentiated enterocytes with a well-developed brush 
border and cells lacking a brush border and unable to recruit cytoplasmic vilHn to 
the apex. A similar heterogeneity has been reported for apical alkaline phospha-
tase, which is absent in M cells but is associated with the brush border of fully 
differentiated enterocytes (Owen and Bhalla, 1983). This observation raises again 
(Smith and Peacock, 1992) the question of whether M cells arise from the conver-
sion of fully differentiated enterocytes. 

I I I . E X P E R I M E N T A L A P P R O A C H E S T O I N D U C E FAE 

P R O P E R T I E S A N D M C E L L F O R M A T I O N 

As demonstrated for the villus-associated epithelium (Gordon and Hermiston, 
1994), FAE renewal is dependent on the proliferation of crypt cells surrounding 
the follicle. Stem cells of these follicle-associated crypts are unusual in that they 
are the outset of two distinct axes of migration/differentiation. Cells on one wall 
of the crypt differentiate into absorptive enterocytes, enteroendocrine, or goblet 
cells that migrate onto villi. On the opposite wall of the same crypt, cells differen-
tiate into absorptive enterocytes displaying several distinct features and M cells. 

It has been demonstrated that differentiation of villus-associated enterocytes 
require interactions with fibroblasts from the lamina propria and components from 
the extracellular matrix (Kedinger, 1994). In the follicle-associated epithelium, M 
cells establish intimate contact with underlying B and T cells, as well as antigen-
presenting cells. However, these transmission electron microscopy studies give 
only a "snapshot" of a section of a Peyer's patch, and do not provide evidence 
that lymphoid cells are permanent or transient residents of this pocket or that FAE 
and M cell formation require a paracrine or cell contact-mediated cross-talk with 
the lymphoid compartment of the Peyer's patch. 

New experimental approaches have thus been developed to investigate the role 
of immune cells in the mechanism of FAE and M-cell formation, and to address 
the following question: can enterocytes be converted into cells sharing properties 
with M cells? 
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A. Transfer of Peyer's Patch Lymphocytes into Intestinal Ectopic 
Sites Converts the \lllus-Associated Epithelium into a 

Follicle-Associated Epithelium Containing M Cells 

Injection of freshly isolated lymphoid follicle cells under the duodenal mucosa of 
a recipient mouse, in a location devoided of endogenous follicle or Peyer's patch 
(Fig. 1), induces after several days the formation of structures similar to Peyer's 
patches. These Peyer's patch-like structures display a normal composition of im-
mune cells compared to the endogenous Peyer's patches (i.e., a majority of CD4^ 
T cells, a very small number of CDS"^ T cells, B cells expressing IgM, and a 
germinative center with IgA-positive cells). The epithelium covering these induced 
patches displays the characteristics of FAE (loss of polymeric immunoglobulin 
receptor expression, apparition of binding sites for the lectin Ulex Europaus Ag-
glutinin 1 on the membrane of a subpopulation of cells) and contains typical M 
cells. In contrast, the injection of thymocytes of 3-month-old mice did not induce 
these structures. 

This indicates that the normal distribution of Peyer's patches in the mouse 
intestine depends on sites of lymphocyte homing through high endothelial venules, 
and that the vascularization system can by-passed by direct injection. Furthermore, 
FAE and M-cell differentiation can be specifically induced from any intestinal 
crypt from which a villus-type differentiation normally originates. 

Donor mice Recipient mice 
Injection of PP 
lymphocytes 

Into ectopic sites 

FIGURE L Ectopic transfer of Peyer's patch follicle cells under the duodenal mucosa of a recipient 
mouse. Peyer's patch follicle cells are freshly isolated from the intestine of a donor Balb/c mouse, and 
injected u^der the duodenal mucosa of a recipient mouse, in a place devoided of Peyer's patches. After 
8 to 9 days, the injected segment is resected and immunomorphorlogic analyses are performed. 
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B. Peyer's Patch Lymphocytes Induce Brush-Border Effacement, 
Membrane Ruffling, and Latex Bead Translocation in a Cultiu'ed 

Hiunan Intestinal Cell Line 

M cells could arise either from fully differentiated enterocytes present in the in-
duced FAE (conversion) or directly from inmiature crypt cells (independent differ-
entiation program). In the first case, the M-cell phenotype corresponds to the as-
pect of an enterocyte having acquired a new specialized function of lumen-to-
follicle transcytosis, concommitant to interaction with one of several lymphocytes. 
To perform this function, the enterocyte disassembles its brush border, reorganizes 
its cytoskeleton network, and changes its columnar shape. Whether or not these 
modifications are reversible has to be considered. In the first hypothesis, M cell as 
a specific entity is unlikely. In the second case, cross-talk with lymphoid cells 
triggers an M-cell differentiation program in immature crypt cells in a process 
close to that postulated for other mucosal cell types, such as goblet cells or entero-
endocrine cells. Committed M cells never acquire absorptive enterocyte character-
istics (for instance, they never assemble a brush border) but instead acquire their 
specific functions. 

Thus, we tried to induce FAE properties, starting from already well-differenti-
ated intestinal cell lines, and establish coculture conditions with immune and epi-
thelial cells which mimic the in situ situation. 

A coculture system composed of intestinal cells and foUicle cells has been de-
veloped. Caco-2 clone 1 cells, selected for a well-developed homogenous brush 
border and a widespread sucrase-isomaltase expression (Costa de Beauregard et 
al, 1995), were grown upside down on 3-^tm porous filters. After confluency, 
lymphoid follicle cells were introduced in the basolateral chamber and cocultured 
with intestinal cells for 1 to 7 days (Fig. 2). Follicle cells passed through the filter, 
digested the extracellular matrix, and homed into the epithelial monolayer. Epithe-
lial polarity and tightness were maintained. We observed that decrease of apical 
expression of sucrase isomaltase, disorganization of the brush border, and occa-
sional apparition of apical membrane ruffles were correlated with the homing of 
lymphoid follicle cells. These changes in apical surface properties were followed 
by the acquisition of a vectorial (apical to basolateral) translocation of inert parti-
cles (fluorescent latex beads). Thus, lymphoepithelial contacts have converted 
well-differentiated villus-type absorptive enterocytes into epithelial cells sharing 
structural and functional properties with FAE and M cells. 

rv. CONCLUSIONS 

The phenomenology described in the experimental induction of FAE properties 
and M-cell formation, in vivo and in vitro, emphasizes the critical role of the 
inmiune system in the differentiation of epithelial inductive sites for mucosal im-
munity. 
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FIGURE 2. Coculture model of immortalized intestinal cells and follicle cells from Peyer's patches. 
Intestinal cells (CaC02 clone 1 cells) are plated in a reverse orientation on 3-fjLm porous filters. Cells 
are grown several days after confluency and freshly isolated follicle cells from Peyer's patches of a 
donor Balb/c mouse are then introduced in the basolateral chamber. The effect of lymphoepithelial 
cross-talk is analyzed after 1 to 7 days of coculture. 
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The coculture model allows the study of lymphoepithelial cross-talk at the mo-
lecular level and the identification of the mediators. 

Such a coculture model will also be used to study the genetics, the cell biology, 
and the pathogenesis of enteric invasive bacterial pathogens (Salmonella, Shigella, 
Yersinia). This could help to develop genetically modified strains as antigen deliv-
ery vectors that can be transported efficiently through the digestive barrier. 
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I. I N T R O D U C T I O N 

Immune responses to inhaled antigens are regulated to a large extent by interac-
tions between three cell populations: dendritic cells, resident tissue macrophages, 
and CD8"^ T cells. Recent studies in our lab on the characterization of these cell 
populations are reviewed below. 

II . D E N D R I T I C C E L L S 

A. Distribution and Surface Phenotype 

Two distinct populations of dendritic cells (DC) exist within the respiratory tract 
(Holt et al, 1988, 1989, 1990, Schon-Hegrad et al, 1991), within the epithelium of 
the conducting airways and in the parenchyma of the peripheral lung, respectively. 
An additional population is found within the nasal mucosa, particularly in the region 
of the nasal turbinates (Nelson et al, 1994) The majority of these cells constitutively 
express class IIMHC antigen (la), but recent studies have identified the presence of 
a significant la — subset in the airway epithelium (Nelson et al, 1994). 

B. Function 

The primary role of these DC is in surveillance for inhaled antigen, which they 
sequester and store in immunogenic form for subsequent presentation to T cells 
(Holt et al, 1988, 1992, 1993). Analogous to epidermal Langerhans cells, their 
capacity for antigen presentation is limited during the epithelial phase of their life 
cycle, and this function develops only after exposure to GM-CSF (Holt et al, 

A7 

Essentials of Mucosal Immunology Copyright © 1996 by Academic Press, Inc. All rights of reproduction in any form reserved. 



48 P. G. Holt et al. 

1992, 1993), which is not envisaged to occur normally until their migration to 
regional lymph nodes [RLN (Holt et al, 1993)]. In addition, the capacity of these 
DC to respond to GM-CSF is inhibited in situ by soluble signals (notably TNFa 
and NO) from resident tissue macrophages (Holt et al, 1993). 

C. Population ll)ynainics 

In the steady state, the half-life of the airway DC population is around 2 days, in 
contrast to >7 days and >15 days for similar populations in the deep lung and 
epidermis, respectively (Holt et al., 1994). This rapid turnover is matched only by 
DC populations in the gut wall, reflecting the importance of these cells in antigen 
surveillance at the major "front-line" mucosal sites in the body. 

D . Response to Inflammation 

Following inhalation of aerosols containing bacterial LPS (Schon-Hegrad et al, 
1991), or, in particular whole killed bacteria (McWilliam et al, 1994), large num-
bers of DC are rapidly recruited into the airway epithelium with kinetics identical 
to those of PMN. Over the ensuing 48 hr, the majority of immigrants migrate 
further to RLN, presumably displaying the antigens encountered at the inflamma-
tory site (McWilliam et al, 1994). 

The airway epithehal DC network also upregulates in chronic inflammation, 
increasing in both number and intensity of la expression (McWilliam et al, 1994). 

E. Steroid Regulation of Airw^ay DCs 

Exposure to topical (inhaled) steroids lowers DC density in the airways of normal 
rats by 40-50% within 2-3 days, and rapid rebound ensues after withdrawal of 
drug, within the same time frame (Nelson et al, 1995). High-dose systemic dexa-
methasone is considerably more potent, and reduces their density by ^ 80% within 
2-3 days (Nelson et al, 1995). 

Topical and systemic steroids are highly effective in prevention of DC recruit-
ment during inflammation (Nelson et al, 1995), but are ineffective in inhibition 
of the in vitro DC response to GM-CSF (Holt et al, 1996). 

F. Ontogeny 

In rats, the airway and lung DC networks mature postnatally from la- precursors 
that commence seeding into fetal respiratory tract tissues during late intrauterine 
development (Nelson et al., 1994). Between birth and weaning, DC increase in 
both number and la expression, this process occurring most rapidly at sites of 
maximum inflammatory stimulation from the outside environment (especially the 
nasal turbinates; Nelson et al, 1994). 

During the early postnatal period, cells of the networks are relatively refractory 
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to both GM-CSF and IFN7 stimulation, and moreover the capacity of the network 
to upregulate in response to local inflammatory challenge (e.g., by bacteria) is 
severely Hmited, relative to adults (Nelson and Holt, in press). 

The overall rate of postnatal maturation of the airway DC network in rats paral-
lels the development of their capacity to mount IgG responses to the inhaled anti-
gens (McMenamin et al, 1995). and accordingly we have postulated that the DC 
are "rate limiting" in the postnatal development of local immune competence in 
the respiratory tract. 

III . E N D O G E N O U S T I S S U E M A C R O P H A G E S I N R E G U L A T I O N 

OF THE L O C A L E X P R E S S I O N O F T - C E L L I M M U N I T Y 

A. Suppression of T-Cell Proliferation 

Previous studies have established that endogenous macrophages in respiratory tract 
tissues, including those in the lung interstitum (Holt et al, 1985), the airway mu-
cosa (Holt et al, 1988), and in particular the pulmonary alveolar macrophage 
(PAM) population present on the lumenal surface of the lung and airways (Holt, 
1993), are capable of directly inhibiting the capacity of T cells to respond to DC-
mediated activation (or to other stimuli such as mitogens) via proliferation. 

B. Cytokine Secretion in the Absence of Proliferation 

Our recent work, however, indicates that this process is considerably more com-
plex than hitherto recognized. It is now evident that despite their inability to prolif-
erate in the presence of PAM, T cells undergo the full gamut of functional changes 
associated with activation. These include Câ "̂  flux, TCR downmodulation, CD28 
upregulation, cytokine (including IL-2) secretion, and IL-2R a/3 expression; how-
ever, they appear unable to transduce signals downstream of IL-2R engagement, 
and remain locked in the GQ/GI phase of the cell cycle (Strickland et al, 1994; 
Strickland, Kees and Holt, submitted for publication. Strickland, Upham et al, 
1995). 

C. Reversibility of PAM Effects 

An important finding relative to interpretation of the biological significance of 
this phenomenon is that of its reversibility. Thus, following separation of antigen-
stimulated T cells from PAM, even after 3 days in coculture, the hitherto "sup-
pressed" T cells rapidly commence proliferation (Strickland et al, 1994). 

D. The in Vis>o Role of PAM-Mediated T-Cell Suppression 

We interpret these findings as follows. Rather than suppression of T-cell functions, 
this mechanism provides the means to fine-tune the local expression of T-cell 
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immunity by limiting the T-effector response at the individual cell level to a "sin-
gle hit." Thus, incoming T cells can respond locally to antigen and secrete their 
full repertoire of cytokines, but are unable to expand clonally. However, the latter 
can occur following the subsequent migration of the T cells to RLN, thus contrib-
uting to the maintenance of immunological memory relating to antigens encoun-
tered in the lung. 

E. Cytokine-Mediated Alterations in the Functional 
Phenotype of PAM 

Culture of PAM in GM-CSF, particularly in the presence of TNFo:, transiently 
downmodulates the T-cell suppressive properties of PAM, rendering them permis-
sive for T-cell proliferation (Bilyk and Holt, 1993). However, if culture in the 
presence of GM-CSF is prolonged beyond 24-48 hr, the PAM spontaneously re-
vert to their original phenotype (Bilyk and Holt, 1995), possibly as a result of 
tachyphylaxis of GM-CSF receptors. TGF/3 exerts similar effects, and the effects 
of these cytokines appear to be mediated via inhibition of NO production (Bilyk 
and Holt, 1995). This provides a potential mechanism for bypassing PAM suppres-
sion and facilitating the transient local expression of T-cell immunity, in the face 
of immunoinflammatory challenge (Bilyk and Holt, 1993, 1995). 

F. Mechanism(s) of PAM-Mediated T-Cell Suppression 

In the rat and the mouse, it is clear that NO production plays a central role in this 
process (Bilyk and Holt, 1995; Strickland et al, 1994, and submitted; Upham et 
al, 1995), with smaller contributions from TGFjS, IL-IR antagonist, and PGE2; in 
humans, despite similar overall effects of PAM on T cells (Upham et al, 1995; 
Upham, Strickland, Robinson, and Holt, submitted), we have been unable to as-
cribe a role to NO or any of the aforementioned mediators. 

IV. CDS"^ T - C E L L R E G U L A T I O N O F P R I M A R Y I M M U N E 

R E S P O N S E S T O I N H A L E D A N T I G E N 

Our laboratory has been involved in the study of regulation of primary IgE re-
sponses to inhaled antigen for several years (reviewed in Holt and McMenamin, 
1989), and has described an important role for CDS"^ T cells. 

Thus, exposure of animals to aerosoHzed antigen triggers a transient, self-Hm-
iting IgE/IgGj response, often with concomitant preservation of IgG2a/2b ^^^ IgA 
responses; subsequent parenteral challenge of animals reveals "tolerance" with re-
spect to IgE/IgGj and DTH responses to the antigen, a phenomenon which can be 
adoptively transferred by purified CDS"^ (but not CDA^) T cells. This process 
represents the respiratory tract equivalent of oral tolerance, achieved by feeding 
low doses of antigen. 
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A. Cytokine Responses dviring "Tolerance" Induction 

Recent studies indicate that during the eariy phase of this process, during which 
low-level IgE is being produced (specific to the challenge antigen), the immune 
response in the lymph nodes draining the airway mucosa is dominated by CD4^ 
T cells which secrete both IL-2 and IL-4 (McMenamin and Holt, 1993). As IgE 
production wanes, the cytokine response progressively changes to IFNy produc-
tion by MHC class I-restricted antigen-specific CD8"^ T cells, the initial in vitro 
activation of which is dependent on IL-2 released by MHC class Il-restricted anti-
gen-specific CD4+ T cells (McMenamin and Holt, 1993). 

Evidence for the latter is provided by in vitro experiments demonstrating that 
IFNy production was blocked by MoAbs against MHC class II or CD4, and the 
blocking was reversible by rec IL-2. Additionally, IFNy production was blockable 
by anti-MHC-class I MoAb, and this was not reversible by rec IL-2, identifying 
the ultimate effector cell as a MHC class I-restricted CD8^ T cell responding to 
nominal (in this case OVA) antigen (McMenamin and Holt, 1993). This process 
accordingly appears analogous to classical "immune deviation." 

B. The Role of yS T Cells 

In adoptive transfer experiments, the CDS "̂  T cell was identified initially as CD3 "̂  
but ap TCR, suggesting a role for either CD8+ y5T or CD8+ aj8T cells with 
temporarily downmodulated TCR (McMenamin et al, 1991). 

Direct evidence in support of the former was provided in follow-up studies 
involving positive selection of mouse yd T cells employing the GL-3 MoAb 
(McMenamin et al, 1994) and selection of rat yd T cells via the V6-5 MoAb 
from Dr T. Hunig (McMenamin et al, 1995). In both studies, immune deviation 
was transferable by as few as 50-500 positively selected yd T, cells, and addition-
ally appeared antigen-specific as shown by crossover experiments with a second 
antigen (McMenamin et al, 1994, 1995). 

Immunohistochemical studies (unpublished) indicate that unlike skin and gut 
mucosa, which contain large numbers of yd T cells, the normal airway mucosa 
contain very few of these cells; given the initial site at which they appear in 
this system [viz. the regional lymph node, as inferred by earlier adoptive transfer 
experiments (Sedgwick and Holt, 1985)], we surmise that they are part of the 
central yd T pool, as opposed to the mucosal dwelling population. 

Studies are in progress to identify the antigen-presenting cells responsible for 
their initial activation, and in particular the role of migrating airway intraepithelial 
DC. 
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Chapt e r 5 

Nonprofessional Antigen Presentation: 

N e w Rules and Regulations 

L. Mayer, X. Y. Yio, A. Panja, and N. Campbell 

Division of Clinical Immunology, 
The Mount Sinai Medical Center, 

New York, New York 10029 

Recent studies from a number of laboratories have supported the existence of 
nonprofessional antigen-presenting cells (1). By definition this means that such 
cells are not macrophages, dendritic cells, or B cells; more concretely, this means 
that cells do not constitutively express class II molecules, do not express conven-
tional costimulatory molecules for T-cell activation, or are poorly phagocytic. The 
emerging concept is that interaction of T cells with such antigen-presenting cells 
results in the induction of anergy or no activation at all (2). This may be one of 
the bases for the prevention of autoimmune responses. In the systemic immune 
system it is advantageous for the host to block autoantigen recognition early on. 
Such inhibition may be easy to regulate in the antigen-pristine environment of the 
spleen, lymph nodes, etc. 

In the gastrointestinal tract the demands upon the immune system are different. 
There is a marked difference in antigen load, with the intestine constantly exposed 
to dietary, viral, and bacterial products, antigens that would evoke active inmiune 
responses if administered systemically. However, there are differences here too. 
Antigens that pass through the gastrointestinal (GI) tract are affected by multiple 
factors that alter their form, including salivary secretions, gastric acid, pancreatic 
proteases, and bile acids. Thus, by the time Ags reach the mucosal immune system 
they may be nonantigenic (di- and tripeptides) or processed to a form that is 
distinct from that which would result from processing by systemic antigen pres-
enting cells (APC)s. This luminal preprocessing is coupled with a battery of 
unique sites where antigen can gain access to the mucosal immune system, the M 
cell, and the absorptive epithelium. It has become quite clear that the intestinal 
epithetial cells (lEC) can no longer viewed as a passive player in the immune 
responses seen in the gut. Several laboratories have documented that lEC can 
process and present antigen to primed T cells in vitro (3-6). 
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In addition, lEC produce a number of immunoregulatory cytokines and in turn 
possess receptors for cytokines which can alter APC function (7-10). However, 
there are several features of the lEC that place it in a unique position, acting as 
an APC. First, these cells are poorly phagocytic and fail to process large macro-
molecules in a manner similar to that of monocytes/macrophages (11). Thus, Ags 
sampled by lEC may be incapable of "normal" antigen presentation by conven-
tional restriction elements. This processing defect may be less critical given the 
preprocessing of Ag that occurs in the lumen. However, the wide array of peptides 
which can be presented is lost in this process. Second, and potentially related to 
this, is the finding that lEC can express nonclassical restriction elements CDl and 
Tl in mouse and CD Id in man (12-14). These class lb molecules are nonpolymor-
phic but are capable of binding peptides and interestingly nonpeptide antigens. 
One important recent finding is the fact that they bind larger peptides than class I 
and class II molecules can, allow for overhang of peptides beyond the antigen 
binding groove, and, as is the case for CDl, have endosomal locahzation motifs 
(15). Thus these are class I-like molecules that can travel in a class II compartment 
and potentially bind to exogenous Ags that have been subjected to limited pro-
cessing. The fact that CDld can function in such a system has been supported by 
experiments documenting that antibodies to CDld can inhibit T-cell proliferation 
induced by normal lEC (15) and the cytolysis of lEC by intraepithelial lympho-
cytes (lEL) (16). These antibodies have no effect on T-cell activation induced 
by monocytes or dendritic cells. Conversely, mAbs directed against conventional 
restriction elements (class la and class II) are incapable of inhibiting T-cell prolif-
eration in T-cell :IEC cocultures (17). Thus lEC appear to be unconventional in 
many ways. 

However, probably the most intriguing finding has been the preferential activa-
tion of CD8^ suppressor T cells by normal lEC. Similar results have been ob-
tained in rat and man (3,5). This is not to say that CD4'^ T cells cannot be acti-
vated in these cocultures. Purified populations of CD4'^ T cells proliferate quite 
well in response to class II antigen-expressing lEC (6,18). In fact, under these 
conditions proliferation can be inhibited by antibodies to class II. However when 
bulk populations of T cells are stimulated, CD8"^ T-cell proliferation predomi-
nates. Functionally these cells are noncytolytic and suppress broadly in an antigen-
unrestricted fashion in man (5). Phenotypically these cells are CD8a^^, CD28~, 
IL-2R'*". To date we have been unable to reproducibly demonstrate suppressor 
factor production (e.g., IL-10, TGFj8) by these activated cells. 

The obvious question is how these cells get activated. mAb inhibition experi-
ments have shown that CD8 itself is important and the activation of a CD8-associ-
ated src-like tyrosine kinase, p561ck, is a necessary but not sufficient event (17). 
It appears then that a molecule expressed by lEC is capable of binding to and 
crosslinking CDS. The obvious candidate, class la molecules, neither activates 
p561ck nor restricts T cellilEC interactions. 

Given the data reported above it would seem that CDld might be a candidate 
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Possible roles of gp180 

peptide 

gplSO is 
restriction 
element 

gp180 is 
adhesion 
molecule 
(CDS ligand) 
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associated with 
restriction 
element 

FIGURE 1. Three possible scenarios for the role of gpl80 in regulating mucosal immune responses. 
In the first scenario gpl80 is a novel restriction element capable of binding peptides and associating 
with both the T-cell receptor (TCR) and CDS. In this capacity gpl80 would be class Mike. The second 
scenario suggests that gplSO does not associate with the T-cell receptor but is capable of binding to 
CDS as described in the text. In this context gplSO is functioning as an adhesion molecule. The third 
scenario is where gplSO cannot associate with the TCR itself but does associate with either a conven-
tional or nonclassical restriction element on the epithelial cell. Here the TCR is engaged by the restric-
tion element and CDS is brought in to the coreceptor complex by gplSO ligation. 
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for such a regulatory molecule. However, thus far there are no data which support 
that CDld can bind to CDS. Furthermore, antibodies to CDld which block lEC-
induced T-cell proliferation fail to block p561ck activation. Furthermore, CDld 
transfectants (kind gift of Dr. Richard Blumberg—Brigham & Women's Hospital, 
Boston, MA) fail to activate p561ck in murine T-cell hybridomas transfected with 
full-length CD8a cDNA. Finally, mAbs to CDld also appear to inhibit CD4"^ 
T-cell proliferation induced by some lEC preparations, suggesting that the effects 
of this class lb molecule are not CD8-restricted. 

In order to define a novel CDS ligand on lEC, we generated a series of mAbs 
against normal lEC. The criteria for selection were: first, that the mAbs be epithe-
lial cell specific; second, that they inhibit CDS"^ T-cell proliferation induced by 
normal lEC; and third, that they inhibit activation of CDSa-associated p561ck. 
Two mAbs recognizing a ISO-kDa glycoprotein (gplSO) were identified, B9 and 
LI2. Both mAbs recognize distinct carbohydrate epitopes on the gplSO molecule. 
This molecule was purified by mAb B9 affinity chromatography and was shown 
to bind to CDS "̂  T cells and activate CDS associated p561ck. Further characteriza-
tion awaits its cloning, but gplSO, from its structure, appears to be more of an 
adhesion molecule. One would then have to speculate that gplSO associates with 
a surface molecule that is capable of binding to the T-cell antigen receptor either 
alone or when complexed to gplSO. The predicted scenarios for gplSO function 
are depicted in Fig. 1. The currently favored model is one where gplSO associates 
with a class lb molecule. This would explain the presentation of exogenous anti-
gen to CDS "̂  T cells by lEC, the presence of predominantly CDS "̂  T cells in the 
lEC compartment, and the poor activation of mucosal lymphocytes by conven-
tional APCs. Intrinsically this makes sense as the cost of immunodysregulation in 
the gut is clear: inflammation and the loss of functional integrity of the GI tract. 
A distinct set of rules and regulations are in order for an immune system with 
such inflammatory potential. 
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Intestinal Epithelial Cells: An Integral 

Component of the Mucosal Immune System 
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I. INTRODUCTION 

Intestinal epithelial cells compose a barrier that separates the host's internal milieu 
from the external environment. These cells have been studied extensively in the 
past because of their essential role in secretory and absorptive processes. More 
recent studies show that intestinal epithelial cells can be regarded also as an inte-
gral and essential component of the host's innate and acquired immune system. 
Thus, intestinal epithelial cells constitutively express, or can be induced to express, 
HLA class II molecules (Mayer et al, 1991) known to be important in antigen 
presentation, classical class I as well as nonclassical HLA class lb molecules such 
as CDld (Blumberg et al, 1991) and the neonatal Fc receptor for IgG, receptors 
for the cytokines IL-1, IL-2, IL-4, IL-6, IFNy, and TGF/31 (Ciacci et al, 1993; 
Mulder et al, 1990; Fantini et al, 1992; Ullmann et al, 1992; Raitano and Korc, 
1993; Reinecker and Podolsky, 1995), complement components (C3, C4, factor B) 
(Andoh et al, 1993), eicosanoids (Eckmann et al, 1995a), and, as will be dis-
cussed in this chapter, an array of proinflammatory cytokines and the adhesion 
molecule ICAM-1 (Jung et al, 1995; Eckmann et al, 1993a; Yang et al, 1995; 
Huang et al, 1995a). In this contemporary view, intestinal epithelial cells commu-
nicate with other mucosal cells via a spectrum of mediators that have both auto-
crine and paracrine activities (Fig. 1). These mediators act on the intestinal epithe-
lial cells themselves, as well as on intraepithelial lymphocytes (lEL) in the 
paracellular space, and on lymphoid cells, mononuclear phagocytes, neutrophils, 
mast cells, and eosinophils in the adjacent lamina propria. These latter cells also 
act as important components of the host's cytokine cascade and, as such, release 
additional mediators which have further autocrine and paracrine effects on epithe-
lial cells, as well as lymphoid and mononuclear cells in the lamina propria. These 
cascades of mediator release and mediator activity are finely regulated both to 
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neutrophil 

FIGURE 1, Intestinal epithelial cells are an integral component of a communications network. Cyto-
kines produced by intestinal epithelial cells (1) can have autocrine or paracrine effects on other epithe-
lial cells (2) as well as stimulate lEL (3) and cells within the lamina propria (4). Lamina propria cells 
activated by epithelial cell cytokines in turn release mediators (5) which act on epithelial cells as well 
as other cell populations within the lamina propria. Intraepithelial lymphocytes also release cytokines 
that influence epithelial cell growth and differentiation as well as the function of underlying cells in 
the lamina propria (6). 

induce and to downregulate appropriate host immune and inflammatory responses 
at mucosal surfaces. 

II . R E G U L A T E D P R O D U C T I O N O F P R O I N F L A M M A T O R Y 

C Y T O K I N E S B Y H U M A N C O L O N E P I T H E L I A L C E L L S 

A. Constitutive and Regulated Production of Proinflammatory 
Cytokines in Response to Agonist Stimulation 

We have characterized the constitutive and regulated production of proinflamma-
tory cytokines in response to agonists using human colon cancer cell lines (Eck-
mann et al, 1993a; Jung et al, 1995; Yang et al, 1995). In undertaking these 
studies, we reasoned that, despite their transformed nature, if an identical array of 
proinflammatory cytokines was expressed and upregulated in several cell lines of 
different origin, the regulated expression of those cytokines would likely prove to 
be a general property of normal colon epithelial cells as well, unless the expres-
sion, or lack of expression, of a specific cytokine was causally related to the trans-
formation process. 

Human colon epithehal cell lines can constitutively express a broad array of 
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cytokines including C-X-C and C-C chemokines, as well as GM-CSF and TNFa 
(Table I). Each of these cytokines promotes the inflammatory response and can be 
upregulated in the cell lines by TNFa and/or IL-1. Human colon epithelial cells 
also express TGFjSl, a cytokine with potent activity with respect to downregulat-
ing inflammatory and immune responses (Eckmann et al, 1993a; Jung et al, 
1995; Yang et al, 1995) and stimulating isotype switching to the IgA class (Kim 
and Kagnoff, 1990; van Vlasselaer et al, 1992). Unlike the proinflammatory 
cytokines, expression of TGF^i was not significantly altered following TNFa or 
IL-1 stimulation. Importantly, none of the human intestinal colon cell lines express 
immunoregulatory cytokines such as IL-2, IL-4, IL-5, IL-12p40, or IFNy (Eck-
mann et al, 1993a), constitutively or following agonist stimulation. 

Studies to address the mechanisms by which proinflammatory cytokines are 
upregulated in colon epithelial cells in response to agonist stimulation have fo-
cused on agonist-induced expression of the prototypic C-X-C chemokine IL-8, a 
cytokine important for neutrophil chemotaxis and activation (Eckmann et al, 
1993a; Jung et al, 1995). Stimulation of several human colon cancer cell lines 
(e.g., T84, Caco-2, HT29, SW620) with TNFa or IL-1 upregulated IL-8 gene 
transcription, IL-8 mRNA levels, and IL-8 secretion in TNFa or IL-1-responsive 
colon cell lines (Eckmann et al, 1993a). IL-8 gene transcription, mRNA levels, 
and protein secretion increased rapidly in the first 2-A hr following agonist stimu-
lation and declined over the ensuing several hours, despite continued agonist stim-
ulation (Fig. 2). The cytokines IFNy, EGF, and IL-6 by themselves had little, if 
any, stimulatory effect on IL-8 production by the cell lines. However, in combina-
tion with TNFa, there was marked potentiation of the upregulation of the IL-8 
response (Eckmann et al, 1993a). 

B. Bacterial Invasion Is a Potent Stimulus for the Production 
of Proinflammatory Cytokines by Colon Epithelial Cells 

Invasion of the intestinal mucosal surfaces by pathogenic bacteria is accompanied 
by an acute inflammatory response typically characterized by a marked infiltration 

TABLE I 

HUMAN C O L O N EPITHELIAL CELL LINES CAN EXPRESS A 

BROAD ARRAY O F PROINFLAMMATORY CYTOKINES 

C-X-C 
chemokines 

IL-8 
GROa 
GROjS 
GROy 
ENA-78 

C-C 
chemokines 

MCP-1 
MlP-la 
MIP-ljS 
RANTES 

Other • proinflammatory 
cytokines 

GM-CSF 
TNFa 
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FIGURE 2, Time course of TNFa-stimulated IL-8 secretion by the human T84 colon cancer cell line. 
Confluent T84 cell monolayers were stimulated with TNFo; for up to 48 hr. IL-8 secretion was deter-
mined for each time point by removing the medium and, subsequently, incubating the cells in freshly 
added medium containing TNFa for a 4-hr period. (From Eckmann et al, 1993a, with permission of 
the authors.) 

of neutrophils. To understand the mechanisms that underHe this acute inflamma-
tory response, it is important to define the proinflammatory signals involved and 
to identify the crucial cells that produce these signals. We asked whether intestinal 
epithelial cells, which are the first host cells to come into contact with an invading 
pathogen, serve as an early signaling system to adjacent and underlying inflamma-
tory cells following invasion by bacteria. We demonstrated that IL-8 secretion by 
human colon epithelial cell lines was rapidly upregulated in response to coculture 
with several different gram-negative and gram-positive bacteria (Table II), but not 
in response to coculture with similar inocula of noninvasive bacteria (Eckmann et 
al., 1993b). Consistent with the interpretation that cellular invasion was required 
for induction of the epithelial cytokine response, cytochalasin D, which blocks 
actin polymerization and bacterial entry in epithelial cells, abrogated the ability of 
highly invasive Salmonella strains to induce an IL-8 response in colon epithelial 
cell monolayers (Eckmann et al., 1993b). The IL-8 response is not entirely depen-
dent on the specific mechanism that is used by the bacteria to enter the host cells, 
or the intracellular bacterial location, since entry mechanisms and intracellular 
"lifestyle" differ among the invasive bacteria studied. Moreover, IL-8 mRNA ex-
pression by cultured colon epithelial cells increases within 2-3 hr of infection and 
declines rapidly thereafter. This suggests that intestinal epithelial cells play an 
important role by providing early signals for the initiation of an acute mucosal 
inflammatory response. Later during the course of infection, it is likely that in-
flammatory cells themselves become the dominant producers of IL-8 as long as 
the bacteria and their products remain within the mucosa. Finally, we note that IL-
8 secretion was observed predominantly from the basolateral surface of polarized 
monolayers of T84 cells in response to TNFa stimulation or bacterial invasion 
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TABLE II 

INVASIVE BACTERIA THAT HAVE BEEN 

DEMONSTRATED T O STIMULATE I L - 8 SECRETION 

BY HUMAN C O L O N EPITHELIAL CELL LINES 

Salmonella dublin Lane 
Enteroinvasive Escherichia coli 
Shigella dysenteriae 
Yersinia enterocolitica 
Listeria monocytogenes 

(Eckmann et al, 1993a,b). This vectorial secretion may be important for establish-
ing a chemotactic gradient for the migration of neutrophils to the epithelial layer 
following invasion of the epithelium by pathogenic bacteria. 

Further studies assessed the levels of constitutive and regulated expression of 
members of the GRO family of C-X-C chemokines that act as potent neutrophil 
chemoattractants and activators, and of MCP-1 and MIP-lj8, which are prototypic 
members of the C-C family of chemokines that function as chemoattractants and 
activators of cells of the monocyte/macrophage lineage and T cells. Like IL-8, 
mRNA levels for the GRO family of chemokines (i.e., GROa, /3, y) were mark-
edly upregulated following infection of epithelial monolayers with invasive bacte-
ria (Yang et al, 1995). This was also the case, although to a lesser extent, for 
MCP-1 and MIP-lj8 (Jung et al, 1995; Yang et al, 1995). In addition to chemo-
kines, the proinflammatory cytokines GM-CSF and TNFa also are upregulated 
following microbial invasion of colon epithelial cells (Jung et al, 1995). These 
latter cytokines are of particular relevance given their known potential for auto-
crine effects on epithelial cells (e.g., increased HLA class II expression) and para-
crine effects on monocytes/macrophages and dendritic cells in the mucosa. Our in 
vitro studies were confirmed in vivo using freshly isolated colon epithelial cells 
that were infected with bacteria in vitro or stimulated with various agonists (Jung 
et al, 1995). In addition to the cytokines mentioned above, freshly isolated human 
colon epithelial cells, but not the cell lines, produced IL-6 (Jung et al, 1995). In 
summary, invasion of epithelial cells by bacteria or, alternatively, stimulation of 
epithelial cells with proinflanmiatory agonists such as TNFa or IL-1 defines two 
paradigms for upregulating the expression and secretion of proinflammatory cyto-
kines by epithelial cells. 

III . C Y T O L Y T I C P A T H O G E N S : A F U R T H E R P A R A D I G M F O R 

U P R E G U L A T I O N O F P R O I N F L A M M A T O R Y C Y T O K I N E S BY 

I N T E S T I N A L E P I T H E L I A L A N D S T R O M A L C E L L S 

Cytolytic pathogens, such as Entamoeba histolytica trophozoites, damage the hu-
man colonic epithelium in focal areas resulting in extensive cell lysis and the 
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development of mucosal ulcerations. The acute response of the host likely deter-
mines whether or not the infection will spread systemically. We have focused on 
the mechanism by which the host signals the stimulation of an acute inflammatory 
response following infection with cytolytic pathogens using E. histolytica tropho-
zoites as a model system. For these studies, human colon epithelial cell lines and 
intestinal stromal cells, such as colonic fibroblasts and intestinal smooth muscle 
cells as well as human liver cells, were cocultured with E. histolytica trophozoites. 
Coculture of these cells with E. histolytica trophozoites resulted in increased secre-
tion of an array of chemoattractant and proinflammatory cytokines that included 
IL-8, GROa, GM-CSF, and, in some cases, IL-6 (Eckmann et al, 1995b). Each 
of these cytokines has an important role in the initiation and perpetuation of the 
inflammatory response. Since IL-8 released in this system is a potent chemoattrac-
tant and activator for neutrophils, we again focused on the IL-8 response to exam-
ine the specific mechanisms that are responsible for upregulation of proinflamma-
tory cytokines in response to E. histolytica. 

A. Increased IL-8 Production Is Associated with Host Cell Lysis 

We found that the mechanisms responsible for initiating the proinflammatory cy-
tokine cascade in response to cytolytic E. histolytica trophozoites differ from those 
of bacterial invasion. Maximal IL78 secretion in the E. histolytica-infQCted cocul-
tures was confined to a relatively narrow range of trophozoite inoculum with max-
imal IL-8 secretion being obtained when approximately 50% of the monolayers 
were lysed (Eckmann et al, 1995b). Upregulation of IL-8 in the cocultures was 
accompanied by increased transcription from the IL-8 promoter, and time course 
studies revealed increased levels of IL-8 mRNA and increased IL-8 secretion as 
early as 2 hr after addition of E. histolytica trophozoites (Eckmann et al, 1995b). 

B. IL-l^jin Host Cell Lysates Activates IL-8 Secretion 

IL-8 secretion by the cocultures required the presence of viable trophozoites, and 
was not induced by E. histolytica membrane molecules or secreted E. histolytica 
products. Moreover, maximal IL-8 secretion was seen under conditions which re-
sulted in substantial cell lysis. We therefore investigated the possibility that com-
ponents of damaged host cells that are released during lysis may stimulate the 
remaining viable cells in the monolayers to secrete IL-8. This, in fact, was the 
case since cell lysates induced IL-8 secretion when added to freshly cultured cells. 

Several cytokines, including TNFa and IL-1, are known to be produced by the 
cells used in these studies (Eckmann et al, 1995b) and were considered as candi-
date agonists for the upregulation of IL-8. In the case of colon fibroblasts and 
human intestinal smooth muscle cells, and in the case of some but not all of the 
colon epithelial cell lines, the majority of the IL-8 stimulating activity was shown 
to be due to the cellular release of preformed IL-1 a, but not due to TNFa or IL-
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lj8 in the cell lysates (Fig. 3). Moreover, blocking the activity of IL-la that was 
released during the course of E. histolytica coculture abrogated the upregulation 
of IL-8 as well as the other cytokines (Eckmann et al, 1995b). 

In contrast to the colon fibroblast and smooth muscle cells, induction of IL-8 
responses by some of the colon epithelial cell lines was shown to be due to a 
different mechanism. Colon epithelial cells such as HT29 lack preformed IL-la 
and increased IL-8 production was not due to target cell lysis. In those cells, 
increased IL-8 production was shown to be mediated by adherence of viable E, 
histolytica to the target cells by a galactose-inhibitable amoebic adherence protein 
(Eckmann et al, 1995b; Petri et al, 1987). The intracellular mechanisms involved 
in inducing the IL-8 response in that case appeared to require, at least in part, an 
increase in intracellular calcium levels (Eckmann et al, 1995b). 

IV. E X P R E S S I O N O F A D H E S I O N M O L E C U L E S O N C O L O N 

E P I T H E L I A L C E L L S F O L L O W I N G M I C R O B I A L I N V A S I O N 

Adhesion molecules on epithelial cells and counterligands on neutrophils may play 
a key role in the interaction between neutrophils and epithelial cells that are rele-
vant early in the course of bacterial invasion. Our studies focused on ICAM-1 
which is an important ligand for j82 integrins on neutrophils. ICAM-1 is constitu-
tively expressed at low, but detectable, levels on several human colon epithelial 
cell lines. Following coculture of these lines with invasive gram-positive or gram-
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FIGURE 3. IL-la released from cells lysed by E. histolytica trophozoites can stimulate IL-8 secretion 
by healthy cells. Anti-cytokine antibodies or IL-1 receptor antagonist were added to lysates from E. 
histolytica-damsiged cells, after which the ability of the lysates to stimulate IL-8 secretion by viable 
test cells was assessed. As shown, anti-IL-la antibodies or IL-1 receptor antagonist blocked greater 
than 90% of the lysate-induced IL-8 response, whereas antibodies against IL-lj8 or TNFa had no affect 
on the IL-8 response. 
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negative bacteria, but not noninvasive bacteria, ICAM-1 mRNA expression and 
surface ICAM-1 levels were markedly increased (Huang et al, 1995b). Moreover, 
ICAM-1 upregulation, to a sufficient extent, was independent of the autocrine 
release of TNFa, a known stimulant of ICAM-1 expression, by the cells. Using a 
neutrophil adhesion assay, we further demonstrated that increased expression of 
ICAM-1 is paralleled by increased neutrophil adhesion to the epithelial mono-
layers. Such adhesion could be blocked largely by antibodies to ICAM-1 on intes-
tinal epithelial cells and completely by antibodies to CD 18 on neutrophils. These 
in vitro data suggest that bacterial invasion of colon epithelial cells can upregulate 
the expression of adhesion molecules on epithelial cells and promote neutrophil 
adherence to bacterially infected cells. If paralleled in vivo, this may aid in the 
destruction of bacteria as they pass through the epithelial mucosal barrier. More-
over, increased ICAM-1 expressed on the epithelial cells may function as a puta-
tive costimulatory molecule for the activation of adjacent and underlying T cells 
in the mucosa. 

V. S U M M A R Y 

Colon epithelial cells coordinately express an array of proinflammatory cytokines 
and other key signaling molecules following bacterial invasion. Each of these sig-
nals has a well-recognized role in activation of the host inflammatory response. In 
this respect, colon epithelial cells appear to be progranmied to act as sensors and 
to provide signals for the activation of the mucosal inflammatory response in the 
early phases following microbial invasion. 
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I. I N T R O D U C T I O N 

Mucosal surfaces form barriers that prevent microbes from the external environ-
ment from reaching internal organs. Epithelial cells have traditionally been re-
garded as rather passive cellular elements, responsible for keeping the mucosal 
barrier together. Due to their important role in transport of s-IgA, they have been 
included in the mucosal immune system (5, 6). It is becoming increasingly clear 
that epithelial cells act as "arbitrators" between the outside world and the mucosal 
immune system, and that they possess intricate means of sensing external stimuli, 
and of emitting signals that alter the function of adjacent or distant cells. They 
are, at once, the target of attaching microorganisms in the lumen and of mediators 
from cells in the mucosal environment, and as such are essential for the outcome 
of the cross-talk between bacteria and their hosts. 

Pathogens express virulence factors that enable them to overcome mucosal de-
fenses and tilt the balance in the cross-talk in their favor. The pathogens use spe-
cific adherence factors to localize to the site of infection; they secrete toxins that 
trigger changes in the mucosal barrier and cross the mucosa with the help of 
invasion factors. Recent studies have shown that inflammation is a key to the very 
early steps in the pathogenesis of mucosal infections, and that the virulence factors 
can act by directly triggering inflammatory processes in the mucosa. 

We became interested in mucosal inflammation—one outcome of the cross-
talk—^because of observations made in urinary tract infections (UTI). The symp-
toms and signs of acute UTI are, to a great extent, attributable to the inflammatory 
response that the bacteria induce when they enter the urinary tract. There is ele-
vated temperature, an acute-phase response in serum (C-reactive protein, CRP; 
erythrocyte sedimentation rate, ESR), a local inflammatory response in the urine 
(excretion of neutrophils and tubular proteins), and a mucosal immune response 

73 

Essentials of Mucosal Immunology Copyright © 1996 by Academic Press, Inc. All rights of reproduction in any form reserved. 



7A Catharina Svanborg et al. 

dominated by s-IgA antibodies. These host response parameters suggested to us 
that the mucosa produced cytokines in response to infection, and that these cyto-
kines were involved as mediators of disease. This review summarizes some as-
pects of our studies on mucosal cytokine responses to bacterial infection that were 
discussed during the 8th International Congress on Mucosal Immunology in San 
Diego, July 1995 (Abstracts P-152, O-240, O-502, O-503, O-506, P-597). 

II . I N F E C T I O N A N D E P I T H E L I A L C Y T O K I N E R E S P O N S E S 

A mucosal cytokine response to infection was first shown to occur in mice and in 
patients colonized with Escherichia coli in the urinary tract (7-9). Interleukin 6 
(IL-6) and IL-8 were shown to be secreted into the urine within minutes of local 
challenge with E, coll Cytokine responses were also detected in adults and chil-
dren with different forms of UTI (10, 11). Subsequent studies have shown that 
cytokine production occurs during a variety of mucosal infections in humans (for 
review see 12). 

The rapid local cytokine response to UTI suggested to us that resident mucosal 
cells were the primary responders in this process. The urinary tract mucosa differs 
from that of other mucosal sites in that it lacks organized lymphoid tissue, goblet 
cells, etc. Epithelial cells are the dominating cellular elements. Furthermore, the 
epithelial cells are the target of uropathogenic E. coli that attach to these cells 
with a high degree of specificity. We therefore decided to focus on the epithelial 
cells, as a probable source of the mucosal cytokine response (13). E. coli was first 
shown to trigger cytokine secretion by kidney and bladder cell lines (13, 14). 
Bacteria stimulated de novo synthesis of cytokine-specific mRNAs for IL-la, IL-
1/3, IL-6, and IL-8, and the accumulation of intracellular protein (15, 16). The 
cytokine repertoir was, however, restricted as compared to nonepithelial cells like 
macrophages (16). Subsequent studies have shown that epithelial cells from other 
mucosal sites also secrete cytokines when exposed to pathogens (for review see 
12). This ability of microbes to trigger epithelial cytokine responses thus appears 
to be a general feature of host-parasite interactions at mucosal sites. 

I I I . R O L E O F T H E C E R A M I D E S I G N A L I N G PATHWAY I N T H E 

C Y T O K I N E R E S P O N S E S T O P - F I M B R I A T E D ESCHERICHIA COLI 

Uropathogenic E. coli attach to human urinary tract epithelial cells through fim-
briae-associated adhesins that bind to receptor epitopes on host glycoconjugates 
(17). Adherence to human urinary tract epithelial cells is a virulence factor for 
uropathogenic E. coli; adhering strains cause up to 90% of uncomplicated acute 
pyelonephritis episodes, but are rare among E, coli not causing UTI (20). P fim-
briae show a more clear-cut association to the inflammatory response and to dis-
ease than other fimbrial types expressed by uropathogens (21). P fimbriae carry 
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lectin domains that bind specifically to Galal-4Galj8-containing oligosaccharides, 
the carbohydrate portion of the globoseries of glycolipids (22-24). Attachment has 
been shown to increase both the cytokine response in the mouse urinary tract and 
the cytokine response of uroepithelial cells exposed to bacteria in vitro (14, 18, 
19). 

There are several indications that the P fimbriae contribute to the induction of 
cytokine responses. P-fimbriated E. coli elicited a higher IL-6 response than iso-
genic strains lacking the fimbriae. Isolated P fimbriae with an intact lectin domain 
were shown to trigger an IL-6 response, while lectin-deficient fimbriae failed to do 
so (14). Cytokine activation by P fimbriae was dependent on glycolipid receptor 
expression, in that treatment of the cells with PDMP, an inhibitor of ceramide 
glycosylation, reduced receptor expression, attachment, and cytokine activation 
(18). 

The oligosaccharide receptor epitopes recognized by P fimbriae are bound to 
ceramide in the outer leaflet of the lipid bilayer (22, 24). Ceramide has recently 
become recognized a second messenger in the sphingomyeHn signal transduction 
pathway. Ceramide is released from sphingomyelin following the action of sphin-
gomyelinase (25). The hydrolysis of sphingomyelin can also occur upon exposure 
of cells to exogenous agonists that activate endogenous sphingomyelinases. Such 
agonists include TNFa, IL-1^, NGF, and FAS (25-29). We have demonstrated that 
P-fimbriated E. coli activate the ceramide signalling pathway, and we propose that 
this activation contributes to the epithelial cytokine response induced by the P-
fimbriated E. coli in uroepithelial cells (Hedlund et al, submitted for publication). 

Two approaches were used to study E. coli activation of the ceramide pathway 
in A498 cells (a human kidney cell line). The release of ceramide was studied in 
unlabeled cells and was quantitated by in vitro phosphorylation with diacylglycerol 
kinase. With this assay P-fimbriated E. coli and sphingomyelinase were shown to 
stimulate the release of ceramide. Isogenic strains expressing a different lectin, 
type 1 fimbriae, did not cause the release of ceramide in the cells despite the fact 
that these bacteria activated IL-6. 

Released ceramide is phosphorylated to ceramide-1-phosphate through the ac-
tion of ceramide-activated protein kinases. We quantitated the phosphorylation of 
ceramide to ceramide-1-phosphate in cells prelabeled with ^^P. P-fimbriated E. coli 
and sphingomyelinase were shown to induce the formation of ceramide-1-phos-
phate. In contrast, type 1-fimbriated E. coli or nonfimbriated controls did not cause 
ceramide phosphorylation. 

The ceramide-activated protein kinase CAPK is a serine-threonine kinase (29). 
We therefore examined the effect of serine-threonine protein kinase inhibitors on 
the E. co//-induced cytokine response. PMA, a known activator of these kinases, 
was used as a control. Staurosporin and K252a were found to reduce the IL-6 
response of the cells to PMA. These agents also inhibited the IL-6 response to P-
fimbriated E. coli. Tyrosine-kinase inhibitors (genistein and tyrphostin) had no 
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effect. The involvement of serine-threonine kinases in the P fimbriae-induced cy-
tokine response is consistent with the involvement of the ceramide pathway in the 
bacterially induced IL-6 response. 

Further evidence for specificity was obtained by comparing type 1-fimbriated 
and P-fimbriated E. coll Both types of fimbriae mediated attachment to the A498 
cells and enhanced the cytokine response in those cells. The IL-6 response to type 
1 fimbriae differed, however, in sensitivity to protein kinase inhibitors from that 
of P fimbriae. The response to type 1 fimbriae was insensitive to serine-threonine 
protein kinase inhibitors, but partially affected by tyrosine kinase inhibitors. This 
suggested that type 1-fimbriated E. coli activated the epithelial cytokine response 
via a different pathway than the P-fimbriated strains. 

The mechanism of P-fimbriae-induced ceramide release needs to be defined. 
Staphylococcus aureus and other bacteria are known to secrete sphingomyelinase. 
The E. coli strains produced low levels of acid and neutral sphingomyelinases, but 
there was no evidence for a difference in sphingomyelinase activity related to 
fimbrial type or evidence of activation upon contact with the cells. Low levels of 
sphingomyelinase activity were also detected in the cells, but no activation upon 
contact with the bacteria was observed. 

LPS is known to be a poor activator of epithelial cell cytokine responses. Re-
cently, Joseph et al. showed that ceramide and LPS have sufficient structural ho-
mology that LPS can replace ceramide as an activator of serine-threonine protein 
kinases in cells that express CD-14 (30). Since the A498 cells used in our experi-
ments do not express CD-14, we exposed the A498 cells to LPS in the presence 
of human serum known to contain soluble CD-14 that might reconstitute this de-
ficiency. There was no enhancement of the IL-6 response. Furthermore, if LPS 
were the principal activator of ceramide release and IL-6 production, P- and type 
1-fimbriated E. coli would be expected to generate a similar response. These 
strains attach in similar numbers to the A498 cells and would therefore be ex-
pected to deliver LPS to the cell surface with similarly efficiency. The difference 
in ceramide release and insensitivity to serine-threonine kinase inhibitors between 
strains differing in fimbrial expression suggested that the fimbrial receptor speci-
ficity influenced the transmembran signalling pathway. 

Pseudomonas aeruginosa fimbriae have been shown to enhance the cytokine 
responses of respiratory tract epithelial cells (31). A low-molecular-mass product 
of P. aeruginosa, the autoregulator was suggested to further activate epithelial 
cell cytokine production. The transmembrane signalling events involved in these 
processes remain to be defined. 

IV. Ho F'FiMBmATBn ESCHERICHIA COLI 
I N V A D E U R O E P I T H E L I A L C E L L S ? 

Studies on intestinal epithelial cells have suggested that bacterial invasion is essen-
tial for the induction of cytokine responses. Invasive Salmonella, Yersinia, Shi-



7. Bacterial Activation of Mucosal Cytokine Production 77 

gella, Listeria, and E. coli induced IL-8 secretion in colonic epithelial cells, but 
LPS and a noninvasive E. coli strain did not (32). More recently, invasive strains 
were shown to activate a wide range of cytokines (Monocyte Chemotactic Protein-
1 (MCP-1), Granulocyte Macrophage-Colony Stimulating Factor, IL-8, and TNF) 
in colon epithelial cell lines, and MCP-1, IL-8, and IL-6 in primary cell cultures 
(see Chapter 6). 

Several observations have suggested that invasion may occur during the patho-
genesis of urinary tract infection. E. coli spread from the local site of infection in 
the urinary tract to the blood stream in about 30% of patients with acute pyelone-
phritis (33). The blood isolates express P fimbriae even more frequently than E, 
coli strains that cause acute pyelonephritis in patients without urosepsis (34, 35). 
Consequently, P-fimbriated E. coli appear to have enhanced ability to cross the 
epithelial barrier. This may involve attachment followed by invasion through epi-
thelial cells or the destruction of the epithelial barrier via other mechanisms. 

We examined the interaction of P-fimbriated E. coli with human uroepithelial 
cell layers using a human kidney cell line grown in Trans well units. Four aspects 
of the bacterial interactions with the cells were studied. 

1. Bacterial transmigration across confluent cell layers, determined by viable 
counts. 

2. Changes in the morphology of the cell layer, determined by scanning and 
transmission EM. 

3. Bacterial cytotoxicity fo the cells, detected by cell viability assay. 
4. Invasion into the cell studied with the gentamicin assay. 

Urosepsis isolates, recombinant strains differing in P fimbrial expression, and 
nonfimbriated controls were used. The urosepsis strains were found to pass the 
cell layers and to multiply in the lower well. Passage was associated with attach-
ment of bacteria to the upper surface of the cells, detachment of the cells, and 
induction of cell death. There was no evidence that invasion through epithelial 
cells occurred frequently or contributed to bacterial passage in a significant way. 
The P-fimbriated strains showed enhanced passage across the cell layer and en-
hanced survival compared to the nonfimbriated vector control strains. The non-
fimbriated bacteria did not attach to the cell monolayer, cause detachment, or pass 
across the cell layer in significant numbers. These results suggest that the early 
cytokine response of epithelial cells does not require invasion by P-fimbriated E. 
coli. Furthermore, the results demonstrate that bacteria cause major changes to the 
cell layer. These changes are likely to facilitate the passage of bacteria across the 
mucosal lining. The molecular mechanisms need to be defined. 

V. E P I T H E L I A L C E L L S I N M U C O S A L C Y T O K I N E N E T W O R K S 

The ability of epithelial cells to secrete cytokines and to respond to exogenous 
cytokines provides a basis for cytokine networking. Epithelial cell involvement in 
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mucosal cytokine networks was first postulated when IL-1 and TNF were shown 
to stimulate epithelial IL-8 secretion (36). It was suggested at the time that stimu-
lated macrophages could serve as a source of inflammatory cytokines during mu-
cosal infections: these cytokines would stimulate epithelial cell IL-8 responses. 
Subsequent studies have shown that proinflammatory cytokines (IL-1, TNF) can 
stimulate IL-6 and IL-8 secretion in a variety of epithelial cells (12). 

T cells and intraepithetial lymphocytes (lELs) regulate mucosal immune re-
sponses. These cells are localized near epithelial cells, and some of their regula-
tory effects may be achieved through interactions with those cells. T cells, and 
immunoregulatory cytokines produced mainly by T cells, have been shown to in-
fluence epithelial cell functions including the expression of class II antigens, secre-
tory component, and ICAM-1 (37^0). We have shown that immunoregulatory 
cytokines stimulate epithelial cell cytokine production and modify the epithelial 
cell cytokine responses to bacteria (41). 

Cells of the Thl subtype are commonly defined by their ability to secrete IL-2 
and IFNy. We found no effect of IL-2 on epithelial cell IL-6 or IL-8 production. 
IFNy had a stimulatory effect on IL-6, but no effect on the IL-8 production. Cells 
of the Th2 subtype are commonly defined by their ability to secrete IL-4, IL-5, 
IL-10, and IL-13. These cytokines were found to activate IL-6 (IL-4, IL-5, IL-10, 
and IL-13) and IL-8 responses (IL-4 and IL-13). Other immunoregulatory cyto-
kines (TGF/31 and IL-12) induced IL-6 but not IL-8 production. 

IFNy and IL-4 had strong and partially opposite effects on the epithelial cell 
cytokine responses to E. coli. IL-4 was identified as a positive regulator of IL-6 
responses, and acted in synergy with E. coli on the IL-6 response. This implies 
that IL-4 can enhance mucosal IL-6 responses to infection, and thereby promote 
IL-6-mediated effects such as acute-phase responses and IgA-committed B cell 
maturation. It should be emphasized that IL-4 is not only a T-cell product. IL-4 
can be produced by mucosal mast cells in response to inflammatory stimuli. 

IFNy was a less effective stimulant of IL-6 and IL-8 production at both the 
protein and mRNA levels than IL-4, and it did not induce IL-6 production in 
synergy with E. coli. The epithelial cell cytokine response to IFNy was more 
complex than that observed with IL-4 since it both inhibited and enhanced the 
levels of secreted cytokines. IFNy decreased the IL-8 levels when added as a 
costimulant with the bacteria, and decreased both the IL-6 and IL-8 levels when 
added to E. co//-primed cells. In contrast, the IL-6 and IL-8 responses to E. coli 
stimulation were enhanced by IFNy priming of the epithelial cells. 

These observations have several interesting implications for the regulation of 
mucosal responses to microbial challenge. Immune responses that favor the expan-
sion of Th2 cell populations, or that induce IL-4 secretion, would strongly enhance 
epithelial IL-6 production in response to gram-negative bacteria. Thus, as a conse-
quence of the activation of mucosal Th2 or mast cells there would be increases in 
IL-6-dependent B cell and inflammatory responses. Conversely, immune responses 
that favor the expansion of Thl cell populations, or that induce IFNy secretion. 



7. Bacterial Activation of Mucosal Cytokine Production 79 

would either inhibit or enhance the cytokine response to bacteria depending on the 
sequence of activation. In the naive mucosa, where epithelial cells are first stimu-
lated by bacteria, the subsequent exposure to IFNy would lower IL-6 and IL-8 
levels and lower the inflammatory response. This situation might occur in the 
newborn intestine, or at normally sterile mucosal sites that become exposed to 
bacteria. In the event of de novo bacterial exposure of an IFNy-primed site, there 
would be an enhanced IL-6 response and no inhibition of IL-8 levels. These phe-
nomena need to be addressed in in vivo models; however, the novel effects of IL-
4 and IFNy presented in this study provide a mechanism whereby activated T cells 
can regulate epithelial cell cytokine responses to bacteria. 

VI. NEUTROPHIL RECRUITMENT TO THE MUCOSA 

Mucosal infections cause a rapid neutrophil influx to the site of infection (42). 
The molecular mechanisms that explain the increase in urinary neutrophil numbers 
are gradually becoming understood. We have recently shown that urinary tract 
epithelial cells participate in transepithelial neutrophil migration in two ways: (a) 
by secreting neutrophil chemoattractants and (b) by the expression of cell adhesion 
molecules (12, 43^6) . 

A. Neutrophil Chemoattactants 

Mucosal infections of the urinary and respiratory tract are accompanied by a local 
IL-8 response. IL-8 is a member of the a-chemokine family (C-X-C) of cytokines 
with chemotactic activity for neutrophils (43). In patients with UTI and in patients 
deliberately colonized with E. coli in the urinary tract, levels of urinary IL-8 corre-
late strongly with urinary neutrophil numbers (9). The neutrophil chemotactic ac-
tivity of infected urine was reduced by 50% in vitro by monoclonal antibodies to 
IL-8 (46). Taken together these observations suggest that IL-8 is an important 
neutrophil chemoattractant in UTI. The role of IL-8 for neutrophil migration ac-
cross uroepithelial cell layers was further analyzed in an in vitro model. E. coli 
and IL-1 were shown to induce neutrophil migration across kidney and bladder 
epithelial layers in the Transwell model system (44, 45). Anti-IL-8 antibody com-
pletely blocked the IL-1- and E. c6>//-induced transepithelial migration (45). 

B. Bacteria Upregulate Epithelial of ICAM-1 Expression 

We examined the role of cell adhesion molecules in transuroepithelial neutrophil 
migration. Epithelial cell lines and normal urinary tract epithelial cells were found 
to express ICAM-1, but not ICAM-2 or E-selectin. E. coli and IL-1 upregulated 
the expression of ICAM-1 on the epithelial cell surface and antibodies to ICAM-
1 blocked from 60-80% of E. co/f-induced transepithelial neutrophil migration. 
The neutrophil receptor for ICAM-1 was tentatively identified as the j82-integrin 
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CDllb/CD18 (Mac-1) since antibodies to CDllb and CD18 but not to CDlla 
blocked the E. co//-induced transepithelial neutrophil migration (44). 

VII . R O L E O F M U C O S A L I N F L A M M A T I O N A N D N E U T R O P H I L 

I N F L U X I N T H E C L E A R A N C E O F U T I 

Earlier studies on antibacterial mucosal defenses emphasized how mucosal im-
mune mechanisms cooperate to prevent inflammation. In contrast, we have pro-
posed that mucosal inflammation plays an essential role for the resistance to infec-
tion, at least in the urinary tract. This was first indicated by studies in a murine 
UTI model. C3H/HeJ mice, which have a defective response to LPS, were found 
to be highly susceptible to intravesical infection with E. coli compared to C3H/ 
HeN normal mice (42, 47). Analysis of their mucosal inflammatory responses 
showed that the urinary neutrophil and IL-6 levels were significantly lower in 
C3H/HeJ mice (7, 42, 48). LPS hyporesponder mice of the C57BL/10ScCr back-
ground are also more susceptible to experimental UTI, and have a reduced in-
flanmiatory response compared to normal C57BL/6J mice (48). The presence of 
neutrophils in the urine in both mouse backgrounds corresponded with clearance 
of infection. Further studies showed that pharmacological inhibitors of inflanmia-
tion severely inhibited the ability of C3H/HeN mice to clear acute UTI (49). A 
role for neutrophils in the clearance of UTI was confirmed by Miller and co-
workers (50), who showed that treatment of rats with anti-neutrophil serum led to 
a 1000-fold increase in bacterial numbers in infected kidneys. 

So why do the bacteria trigger a cytokine response that causes inflanmiation 
and activates antibacterial defenses at mucosal sites? It is likely that continued 
investigations will identify benefits gained by the pathogens in the process. The 
cross-talk between microbes and host mucosae is exquisitely regulated by mecha-
nisms that will continue to puzzle and fascinate, as will the paradox of human 
health in a microbe-rich environment. 
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I. S U M M A R Y 

MHC class lb molecules are nonpolymorphic MHC class I-like molecules which 
fulfill functions divergent from the classisal, MHC class la molecules. The human 
intestine is a unique immunologic compartment, which expresses two of these 
molecules: the neonatal Fc receptor for IgG (FcRn) and CDl. The FcRn is ex-
pressed by adult enterocytes in that mRNA, protein, and Fc binding of IgG charac-
teristic of this molecule can be detected. This suggests that the FcRn is functional 
beyond the neonatal period which has important implications for mucosal inmiune 
regulation. Whereas CD Id is expressed by intestinal epithelial cells (lEC) and 
upregulated here by IFNy, CDla, b, and c are expressed primarily on mononuclear 
cells of the lamina propria. CD Id can be recognized in its native form on lECs 
by peripheral CDS"^ T cells. CD8"^ intestinal intraepithelial lymphocyte (lEL) T-
cell clones can recognize several members of the CDl gene family in a transfected 
HLA-A,B negative, B-cell line. The lEC appears to express at least two forms of 
CD Id, a cell surface and intracellular form. The cell surface form that is likely 
recognized by peripheral CD8"^ T cells is distinct from all previously described 
class 1 MHC molecules, suggesting that it is transported to the cell surface by a 
distinct pathway and does not function as a conventional antigen-presenting mole-
cule. This form is expressed independently of J82M, without N-linked carbohydrate 
side-chain modification. Complex transcriptional processing of CD Id also occurs. 
Thus, distinct structural isoforms of CD Id are detectable which may function in 
lEL-mucosal T cell interactions. 
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I I . S T R U C T U R E A N D F U N C T I O N O F M H C 

C L A S S l a M O L E C U L E S 

The classical MHC class I or class la genes consist of a few highly polymorphic 
loci on mouse chromosome 17 (H-2 K, D, and L) and human chromosome 6 
(HLA A, B, and C) (Yewdell and Bennick, 1992). The MHC class la molecule is 
expressed on the cell surface as a 43- to 45-kDa glycosylated, transmembrane 
heavy chain that is noncovalently associated with /32-microglobulin (J82M), a 12-
kDa nonglycosylated protein that is encoded outside the MHC genetic locus. The 
class la molecules bind short (approximately nine amino acids) peptides in their 
al and a2 domains that are derived from the degradation of cytoplasmic proteins 
and are delivered to the class la molecule by transporter associated proteins (Tap) 
of the endoplasmic reticulum (Monaco, 1992). The a l and a2 domains, which 
comprise the peptide binding pocket or groove, contain the majority of the allelic 
polymorphism (Bjorkman et al, 1987). 

These molecules thus display on the cell surface a composite of the internal 
antigenic experience of the cell for presentation to CD8^ T cells in contradistinc-
tion to class II MHC which display a composite array of external antigenic events 
for presentation to CD4'^ T cells (Neefjes and Pleogh, 1992). The three ingredi-
ents of this tripartite complex (classical class I heavy chain, J82M, and nominal 
peptide) are prerequisite for the functional expression of the MHC class la mole-
cule (Yewdell and Bennick, 1992). Binding of the CDS coreceptor to conserved 
amino acid sequences contained within the a3 domain of the class I heavy chain 
provides signals to the T cell through a CDS associated kinase, Ick, and a stabiliz-
ing environment for the sampling of peptide components contained within the 
MHC class I groove by the T cell receptor (TCR), most commonly an ajS hetero-
dimer (Rudd, 1990; Weiss, 1990). When the appropriate conformation is presented 
for TCR binding, a signal is delivered to the T cell via the CD3 complex which 
leads, appropriately, to cytolysis of the cell expressing the internal deleterious 
event as reflected in the abnormal MHC class la display. Thus the MHC class la 
proteins are ubiquitously expressed, polymorphic molecules that bind a large vari-
ety of peptide antigens for presentation to CDS ̂  T cells whose primary function 
is likely cytolysis. 

III . S T R U C T U R E AND F U N C T I O N OF M H C 

C L A S S lb M O L E C U L E S 

The host also maintains a quantitatively larger number of nonclassical, or MHC 
class lb, molecules whose function is less clear but may be targeted to specific 
tasks of immunologic recognition (Stroynowski, 1990; Shawar et al, 1994). These 
molecules do not fall into a specific gene family and their designation as distinct 
molecules is partly historical. The genes for the known class lb molecules are 
either linked or unhnked to the MHC locus on chromosome 6 and 17 of the human 
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and mouse, respectively. In general, the MHC-unlinked class lb genes possess 
significantly less homology and conservation of function with the class la gene 
members than the MHC-linked class lb molecules. The MHC-linked class lb mol-
ecules of the mouse are encoded within three genetic regions: Q, T, and M. The 
number of class lb genes is strain-specific with some mouse strains such as BALB/ 
C possessing almost 35 of these genes. The human MHC locus is less well studied 
but contains at least 18 class I-related genes, 4 of which likely encode functional 
MHC class lb proteins (HLA-E, F, G, and the MHC class I chain-related gene A 
which is closely linked to the HLA-B locus) (HouHhan et al, 1995; Bahranm et 
al, 1994). The non-MHC-linked class lb genes are represented by the CDl locus 
in human and mouse (Yu and Milstein, 1989), an Fc receptor for IgG in rat, 
mouse, and humans (Simister and Mostov, 1989; Ahouse et al, 1993; Story et 
al, 1994), and a zinc-associated a2-glycoprotein in humans (Araki et al, 1988). 
Cytomegalovirus also expresses a class I-like molecule which binds ^ ^ and 
likely plays a role in viral pathogenicity (Grundy et al, 1987). An activated pro-
tein C receptor on endothelium also exhibits homology to the a l and al domains 
of CDl (Fukudome and Esmon, 1994), indicating that the MHC class I-related 
structure may serve diverse functional purposes. 

The characteristics of the MHC class lb molecules would appear to fall on a 
continuum in comparison to the products of the class la locus with several similar-
ities (Stroynowski, 1990; Shawar et al, 1994). First, the MHC class la and lb 
molecules have a similar exon organization which generally consists of eight ex-
ons encoding a 5' untranslated and leader peptide, the coding regions for the N-
terminal, membrane distal, or extracellular, immunoglobulin-like a l - 3 domains, 
each approximately 90 amino acids in length, a transmembrane domain, a cyto-
plasmic tail, and a 3' untranslated region. Second, many of the contact sites for 
/32M that have been previously defined for the class la proteins are likely con-
served in the MHC-linked class lb molecules (Tyson-Calnon et al, 1991). The 
MHC-unlinked, class lb molecules exhibit less conservation of these sites which 
may correlate with a less stringent requirement for /32M in assembly. This includes 
CDl (Balk et al, 1994) and the Zn-a2-glycoprotein (Araki et al, 1988). Third, 
many of the consensus residues for binding CD8, which have been identified in 
the a3 domain of human and mouse class la molecules, may be conserved in the 
class lb molecules. In addition, at least two class lb molecules, mouse thymus 
leukemia antigen (TL) and CDl, have been shown to bind CD8 (Teitell et al, 
1991; Castano et al, 1995). Finally, many of the class lb molecules have been 
shown to function as TCR ligands, or restriction elements, for T cells in either 
antigen specific or alloantigen in vitro model systems for a/3 and yd T cells ex-
pressing either the CD8 or double-negative (CD4~CD8") phenotype (PorceUi et 
al, 1992). Of interest, double-negative T cells represent a minor subset of oli-
goclonal T cells in the peripheral blood that may be expanded in autoimmunity 
(Porcelli et al, 1993). 

There are, however, several major differences which represent distinguishing 
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features that demarcate these molecules from the class la molecules (Stroynowski, 
1990; Shawar et al, 1994). First, there is a notable absence of allelic polymor-
phism. In contrast to the dozens of alleles described for the class la genes which 
may vary by as much as 25% at the amino acid level in the a l and al domains, 
the class lb genes display limited alleUsm that is usually limited to a few amino 
acid substitutions. Thus, they are considered to be nonpolymorphic. Second, the 
tissue distribution of many of the class lb molecules is Hmited to certain tissues 
and/or cell types, in contrast to the almost ubiquitous expression of the class la 
molecules. These include: preferential expression of mouse TL (T-locus), mouse 
and human CD Id, and the mouse, rat, and human neonatal FcR for IgG on lEC; 
expression of mouse QIO by the liver; restriction of human HLA-G and zinc-al-
glycoprotein to the syncytiotrophoblast and serum, respectively; and the restriction 
of human CD la, b, and c expression to thymocytes in thymus and Langerhans 
cells, B cells, and activated monocytes in the periphery. Third, there is marked 
plasticity in the protein products of the class lb genes via the use of alternate 
transcripts generating proteins that are transmembrane, glycolipid-anchored, or se-
creted. Finally, in those examples in which bound antigens have been identified, 
there is a tendency to display a specialization for the presentation of particular, 
perhaps nonpeptide, antigen or for particular nonantigen presentation functions. 
For example, the M3 gene of the mouse H2-M locus binds a single class of pep-
tides that are N-formylated, a characteristic of prokaryotic proteins, for presenta-
tion to cytotoxic T lymphocytes (Kurlander et al, 1992). Notably, the class la 
groove is incompetent to bind N-formylated peptides. Other examples include: Qa-
1, which may bind heat-shock protein peptides; Qa-2, which binds a variety of 
nonpeptides similar to class la molecules that fall into a consensus for epithelial 
pathogens (Rotzschke et al, 1993); the neonatal FcR, which binds immunoglobu-
lin of the y class on the apical surface of the enterocyte for transcytosis to the 
basolateral surface (Simister and Rees, 1985); and CDlb, which binds mycobacte-
rial lipids (Beckman et al, 1994). Finally, although these bound antigens may be 
loaded in a rap-dependent mechanism, similar to class la, it is becoming increas-
ingly evident that several class lb molecules may be processed for transport to the 
cell surface for function via an alternative pathway. This notably includes the 
mouse TL and mouse and human CDl antigens which localize to the lEC and can 
be stably expressed on the cell surface of the Tap-negative cells (de la Salle 
et al, 1994; M. Kronenberg, personal communication). FcRn binds no peptide but 
rather IgG (Burmeister et al, 1994a,b). This indicates that many of the class lb 
molecules may employ novel pathways of biosynthesis distinct from the class la 
molecules. 

Taken together, these characteristics suggest that the class lb molecules are 
nonpolymorphic, class I-like molecules which may function as ligands for discrete 
subpopulations of T cells, especially cytolytic CDS ̂  T cells and double-negative 
(CD4~CD8~) T cells, in discrete topological tissue niches and/or, in many cases. 
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may be specialized to present a distinct, often unique, class of peptide or non-
peptide antigen. They thus complement the ubiquitous polymorphic class la 
molecules which may be viewed as protection of the species from unforeseen 
pathogenic events whose tight control is important in preventing or avoiding auto-
immunity. 

rv. T H E H U M A N I N T E S T I N A L E P I T H E L I A L C O M P A R T M E N T 

The human gut-associated lymphoid tissue (GALT) is a specialized organ compart-
ment which likely utilizes class lb molecules for specific purposes. The epithelium 
of the intestine, in particular, is a unique immunological compartment that is pre-
dominantly composed of essentially two cell types, CDS"^ T cells and the lEC, 
the latter of which are increasingly being recognized as unique antigen-presenting 
cells (Mayer, 1991; Blumberg and Balk, 1994). The lEC is likely involved in 
monitoring luminal antigenic events. This may occur via lEC regulation of para-
cellular uptake of antigen, direct uptake and processing of antigen by the lEC, or 
the transcellular transport of antigen by the lEC to subepithelial immune cells 
(Mayer, 1991). The class lb molecule described for transport of IgG may be in-
volved in this process (see below). 

The majority of the CDS"^ T cells, or intestinal lEL, express the aj8 TCR and 
the minority express the y8 TCR. These ilELs almost uniformly express CD45RO, 
a marker for antigen education or memory, and the unique mucosal integrin, c^^j 
(or HML-1), which likely marks ilELs for homing to the basolateral surface of 
intestinal epithelium (Jarry et al, 1990). ilELs exhibit marked cytolytic activity in 
several in vitro model systems including redirected lysis, the lysis of epithelial 
tumor cell lines, and the presence of cytolytic granules (Taunk et al, 1992; Guy-
Grand et al, 1991; Sydora et al, 1993). Given their low proliferative potential in 
a variety of systems, this suggests that their primary end-stage function is cytolysis 
(Ebert, 1989). In addition, despite the contiguity to the intestinal lumen and the 
potential exposure to a variety of dietary and microbial antigens with the expecta-
tion that the TCR repertoire of the ilEL will be markedly polyclonal, as each T cell 
recognizes a distinct antigen via its TCR, an examination of the TCR repertoire by 
a variety of PCR-based techniques shows that the TCR repertoire of both a/3 and 
yS ilELs is surprisingly oHgoclonal (Balk et al, 1991; Blumberg et al, 1993; 
VanKerckhove et al, 1992; Gross et al, 1994; Chowers et al, 1994). This indi-
cates that the intestinal epithelium is colonized by a large mass of limited number 
of T-cell clones which likely recognize a limited range of antigens in the context 
of a class I-related ligand on the lEC. This, in turn, implicates class lb molecules 
due to their qualities as nonpolymorphic ligands for unique classes of CD8"^ T 
cells. 

The remainder of this chapter will thus focus on two class lb molecules which 
are expressed on human lECs: the neonatal FcR for IgG (FcRn) and CDl. 
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V. T H E FcRn I N H U M A N I N T E S T I N E 

The FcRn, which has been cloned from rat (Simister and Mostov, 1989), mouse 
(Ahouse et al, 1993), and human (Story et al, 1994), consists of a 40- to 50-kDa 
heavy chain, which has significant structural similarities to major histocompatibil-
ity complex (MHC) class I molecules. FcRn is responsible for the passive acquisi-
tion of maternal IgG across epithelial cells of the placenta antenatally in humans 
and postnatally across the epithelial cells of the intestine in rats, mouse, and hu-
mans. This process is specific for the Fc portion of IgG, but not IgA and IgM. 
Binding of IgG occurs preferentially at acidic pH (pH < 6), the pH of endosomes 
and the neonatal intestinal lumen, but not at neutral pH, the pH of the interstitium. 
Cocrystallographic analysis of FcRn with IgG shows that the putative groove for 
peptide formed by the a l and al is lost due to a Pro^^^ residue (Burmeister et al, 
1994a,b). IgG is bound primarily on the outer face of the a helix formed by the 
al domain with contact sites at the junction of the CH2-CH3 domains of IgG 
(Kim et al, 1994). This region of IgG is histidine-rich, which likely accounts for 
the pH dependence of binding. Thus, receptor-bound IgG on the apical surface of 
the polarized epithelium is transferred to the basolateral surface of the epithelial 
cell by this molecule within a transcytotic pathway wherein discharge of IgG oc-
curs. The FcRn-associated pathway is also capable of transporting IgG/immune 
complexes (Rodewald et al, 1979), suggesting that the FcRn may function in both 
passive acquisition of IgG and specific luminal sampling of antigen. This suggests 
that the FcRn pathway may shape the immature mucosal and systemic immune 
system. 

We have recently observed that functional expression of the FcRn may also 
occur beyond the neonatal period and in tissues other than intestine and placenta, 
where most passive acquisition of IgG has been shown to occur. Expression of the 
FcRn has been observed on the cell surface of adult rat hepatocytes (Blumberg et 
al, 1995). This expression is preferentially enriched on apical membrane domains 
supporting a potential interaction with IgG in the bihary lumen. These findings 
suggest that the MHC class I-related FcR may be expressed in a variety of devel-
opmental and anatomic contexts. 

We have recently cloned a human homolog of the rat and mouse MHC class I-
related neonatal FcR from human placenta (Story et al, 1994). This cDNA has 
significant homology with the previously cloned rat and mouse isoforms. Using 
this cDNA as a probe, significant amounts of message could also be demonstrated 
in adult human intestine (Story et al, 1994). This message can be locaHzed to 
lECs (data not shown). We have also recently cloned by PCR full-length tran-
scripts from neonatal and adult human intestine. Sequencing of these PCR ampli-
fication products has revealed nearly identical sequences from human placenta 
(Story et al, 1994), fetal intestine, and adult intestine (data not shown). Thus, a 
gene product similar to fetal intestine is found to be transcribed beyond the neona-
tal period in normal adult human lECs. 
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The detection of specific transcripts for the FcRn suggests that FcRn might be 
functional in adult human intestine. Western blotting of normal adult human small 
and large intestine with an anti-peptide antiserum raised in rabbits against peptides 
contained within the al domain of FcRn has revealed evidence of specific bands 
consistent with the MHC class I-related FcRn in both tissues (data not shown). 
This protein is likely functional since T84 cells, an lEC line, and normal adult 
enterocytes specifically bind Fc fragments of IgG at pH 6 but not pH 8 (data not 
shown). This indicates that functional FcR binding activity, distinctive of this re-
ceptor, is observed in vivo in adult humans. 

Thus, the human homolog of the mouse and rat FcRn that was recently cloned 
from human placenta is functionally expressed in adult lECs. This indicates that 
FcRn is present in the intestine through a wide range of ages in the host, indicating 
that the FcRn may subserve specific age-related functions. The implications of 
these observations for the adult mucosal immune system need to be established. 
There are two functional possibilities which, in turn, reflect the possible vectoral 
direction of FcRn bulk flow: either basolateral to apical or apical to basolateral. 
In the former model, the adult FcRn might be responsible for transporting IgG 
and/or IgG immune complexes into the lumen for immune exclusion and/or 
immune complex elimination. This, in turn, might provide an explanation for 
the IgG which is normally observed within the intestinal lumen. In the latter 
model, the adult FcRn might be responsible for the transport of IgG and/or 
IgG immune complexes from the lumen to the interstitium. Parenthetically, clinical 
studies in humans suggest that macromolecular absorption of antigens likely con-
tinues at low levels normally throughout life (Walker and Isselbacher, 1974). 
Model system studies in whole animals, such as the hamster, further suggest that 
this process is transcellular across the enterocyte and involves immunoglobulin 
(Bockman and Winbom, 1968). This supports the supposition that an FcRn 
for immunoglobulin may reside on the luminal surface of the enterocyte and re-
main functional in adult life for the purposes of immune complex sampling which 
may be delivered to subepithelial immune cell elements which are competent 
to process, present, and respond to macromolecular antigens. Thus, when ex-
pressed in adult tissues, the FcRn may fulfill an important luminal immunosurveil-
lance function through the immunoregulation of subepithelial mucosal immune 
cells. 

VI. C D l IN THE H U M A N I N T E S T I N E 

As described above, the intestinal epithelium contains a limited number of cyto-
lytic CD8-' CD45RO+ HML-1+ aj8 T ceU clones that likely recognize a limited 
range of class I-related antigenic events on an lEC and are unlikely to recognize 
luminal events. These observations strongly suggest a role of ilELs in local micro-
environment immunosurveillance and functionally implicate class lb molecules as 
potential ligands for human ilELs in view of their nonpolymorphic structure, func-
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tion as T-cell ligands for CDS"^ T cells, and localized expression on lECs in 
mouse systems. 

In the human, the best candidate ligands are members of the CDl gene family 
in view of the known tissue distributions of the mouse class lb molecules 
(Bleicher et al, 1990). The CDl gene family contains five members, CDIA-E,^ 
which map to chromosome 1. A gene product for CD IE has not been identified 
(Calabi and Bradbury, 1991). CDIA-D fall into two groups based on nucleotide 
and deduced amino acid sequence: CDIA-C and CDID, the latter of which is 
most homologous to mouse CDl (Balk et al, 1989), and likely a rat homolog 
(Ichimiya et al, 1994). Human CDID shares 60% amino acid homology in the 
a\ and al domains with mouse CDl in comparison to 30-40% homology with 
CDIA-C. CDIA-C, on the other hand, share 50-60% amino acid sequence ho-
mology with each other in these domains. CDla-c and CD Id likely also differ in 
tissue distribution, antigens presented, and responsive T-cell populations. CDla-c 
are primarily thymic antigens which are expressed on thymocytes and in a re-
stricted fashion on certain professional antigen-presenting cells such as B cells, 
Langerhans cells, and activated monocytes (Calabi and Bradbury, 1991; Kasinrerk 
et al, 1993). The data to date support the notion that CDla-c fulfill a function in 
the presentation of bacterial and mycobacterial antigens to double-negative T cells 
(Dellabona et al, 1993; Porcelli et al, 1992). CD Id is expressed at lower levels 
in the thymus than CDla-c and is expressed in a wide variety of tissues (Canchis 
et al, 1993). Within these tissues, a predilection is observed for epithelial cell 
expression (Blumberg et al, 1991; Canchis et al, 1993). This cellular specificity 
is reminiscent of previous observations with the MHC class I chain-related gene 
product (Bahranm et al, 1994). Although not yet observed for human CDld, the 
mouse homolog of CDld, CDl.l, has been shown to bind 22-amino-acid peptides 
with a distinctive hydrophobic motif for presentation to CDS"^ T cells (Castano et 
al, 1995). 

Using two monoclonal antibodies (mAb) originally raised against mouse 
CDl.l, the homolog of human CDld, we have previously shown that, similar to 
mouse CDl, human CDld is constitutively expressed by normal lECs (Blumberg 
et al, 1991; Canchis et al, 1993). Although CDla, b, and c are regularly observed 
to be expressed by lamina propria mononuclear cells, especially in inflammation, 
there is little if any CDla-c expression by lECs (T. Halstensen, personal commu-
nication). Occasionally, small numbers of CDla^ lECs are observed under in-
flammatory conditions such as celiac sprue and inflammatory bowel disease (data 
not shown). Thus, CDld is the dominant CDl family member expressed by lECs. 

Although constitutively expressed on the lEC, CDld expression appears to be 
regulated by cytokines found in the local intestinal milieu. Using a cell surface 
ELISA and mAbs IHl and 3C11, we have recently shown that CDld expression 

^By convention, CDl genes are designated by capital letters (CDIA-E) and CDl proteins by lower 
case letters (CDla-d). 
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is upregulated by epithelial exposure to IFNy. This appears to be specific for IFNy 
since lEC exposure to IL-2, GM-CSF, IL-4, IL-5, IL-6, and TNFa resulted in no 
observable change in CDld expression (data not shown). However, this effect is 
modest, increasing expression only 1.5- to 2.0-fold. Thus, similar to class I and II 
MHC proteins and ICAM-1, IFNy regulates the cell surface expression of CDld 
on lECs (Kaiserhan et al, 1991). This is different from CDla, b, and c, which are 
induced by GM-CSF and IL-4 on monocytes, suggesting differences in regulation 
in comparison to CDld (Porcelli et al, 1992; Kasinrerk et al, 1993). 

CDld is likely a ligand for CDS"^ T cells. Previous studies by Mayer et al 
have shown that lECs stimulate the prohferation of peripheral blood CDS"̂  T 
cells (Mayer and Eisenhardt, 1990). T-cell prohferation increases with increasing 
numbers of stimulating lECs. This proliferation can be abrogated nearly com-
pletely by the 3C11 monoclonal antibody, suggesting a functional role for the 
epitope recognized by this mAb (Panja et al, 1993). As a corollary, ilEL T-cell 
clones can recognize CDl expressed on B-cell transfectants in a cytolytic assay, a 
likely major function of these cells. As can be seen in Table I, the dominant 
CDS"^ T-cell clones from three donors were analyzed for cytolytic activity at an 
effectoritarget ratio of 10:1 using a ^^Cr-labeled HLA-A,B-negative B-cell line 
transfected with either CDla, b, c, d or the transfection vector alone (mock). Table 
I shows percentage killing. Note the consistent lysis of the CDld transfectant and, 
to a somewhat lesser extent, the CDla and c transfectants. Note that the three 
clones, I5.R5-7, express the dominant TCR in donor one of a recent publication 
(Blumberg et al, 1993). Thus, CDld expressed on the cell surface of human lECs 
is a hgand for CDS"^ T cells and human CDS"^ ilEL T-cell clones expressing 
dominant TCRs specifically recognize CDl, especially the CDld gene product, on 
B-cell transfectants in vitro. 

TABLE! 

CYTOTOXIC CELL ACTIVITY O F NORMAL HUMAN ilELs 

Target cells 

ClR-mock 
ClR-CDla 
ClR-CDlb 
ClR-CDlc 
ClR-CDld 

ll .Al 

5.6 
10.4 
3.0 

19.0 
23.5 

11. A2 

0.7 
16.6 
4.7 

47.9 
55.1 

ilEL T cell clones 

lO.Al 

3.4 
2.9 
0.4 

14.2 
14.2 

5.R5 

11.0 
22.0 

7.5 
32.0 
31.2 

5.R6 

2.8 
8.3 
6.9 

15.3 
21.0 

5.R7 

2.6 
10.8 
9.4 

40.0 
39.0 

Note. The HLA-A,B-negative cell lines transfected with either the CDla, b, c, or d cDNAs or the 
vector alone (mock) (Balk et al., 1991), were labeled with ^^Cr and used as targets in a 4-hr chromium 
release assay. The effector cells are normal human ilEL T cell clones obtained by limiting dilution of 
ilEL cell lines from the fresh ilELs of three donors described in Blumberg et al. (1993). The percentage 
cytotoxicity at an effectoritarget ratio of 10:1 is shown. 
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The CD Id on the cell surface of the targets used in the cytotoxicity assay is 
different from the CDld on the cell surface of lECs. The CDld target used in the 
cytolytic assay was transfected with the CDld cDNA originally cloned from a 
thymus library (Balk et al, 1989). Analysis of the cell surface protein on this 
transfectant by immunoprecipitation of iodinated proteins with an antipeptide anti-
serum raised in rabbits against the al and a2 domains of CDld shows a 44- to 
48-kDa smear consistent with the predicted amino acid sequence derived from this 
cDNA (Blumberg et al, 1991). Immunoprecipitation of iodinated cell surface pro-
teins from human lECs reveals, however, a 37-kDa protein without N-linked car-
bohydrate side chains, which is expressed on the cell surface independently of 
J82M (Balk et al, 1994). Proof of identity was provided by a peptide map of the 
eluted lEC 37-kDa band in comparison to a V8 protease digestion of bacterially 
synthesized CDld (Balk et al, 1994). Thus, the structure of CDld expressed on 
the surface of lECs is characterized by the absence of N-linked carbohydrate side 
chains and independence from J82M. This form is different from that expressed on 
CDld B cell transfectants which are targets for cytolytic ilEL T-cell clones. Al-
though the function of this form of CDld is presently unknown, the results by 
Panja et al. (1993) suggest a role in proliferation of CD8'^ T cells which impli-
cates this molecular form in the expansion of specific CD8 "̂  ilELs. 

The derivation of this 37-kDa form of CDld is unclear but could represent 
either alternate transcription or post-translational modification mechanisms. Pres-
ently, the latter is favored. As can be seen in Fig. 1, the lEC cell surface form of 
CDld coresolves with deglycosylated CDld from a CD Id-transfected j82M-nega-
tive melanoma cell fine. This suggests that biosynthesis of CDld is novel. 

Equally intriguing have been preliminary observations on a potential intracellu-
lar lEC form of CDld. In Fig. 2, plasma membranes (representing both internal 
and external, or cell surface, membrane-associated proteins) of the T84 cell line 
or normal human lECs from colon were solubilized in NP40 and immunoprecipi-
tated with the 3C11 monoclonal antibody, and the immunoprecipitates resolved by 
SDS-PAGE under nonreducing conditions. Western blotting with an anti-peptide 
antiserum raised against the a l and a2 domains of CDld identified two bands: 
the monomeric 37-kDa band, originally identified on the cell surface (Balk et al., 
1994), and a monomeric 55-kDa band. This latter form is also notable for resis-
tance to N-glycanase digestion and a weak or absent association with /32M (data 
not shown). 

The ability to detect multiple structural isoforms in human lECs is reminiscent 
of studies with other class lb molecules including other CDl family members and 
HLA-G, for example. Woolfson and Milstein (1994) have analyzed CD la and 
CDlc transcripts by PCR and have detected multiple structural variants that are 
generated by different splicing patterns. In the case of CD la, three distinct protein 
isoforms were defined: a secreted form, a bone fide j82M-associated transmem-
brane form, and an intracellular form which was retained with the endoplasmic 
reticulum. At least five alternate splicing products of HLA-G have also been de-
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FIGURE 1. Immunoprecipitation of cell surface CD Id. Cell surface proteins of normal human lECs 
and the J82M negative cell line, FO-1, transfected with the full-length CDld cDNA (Balk et al, 1989) 
were radiolabeled with ^̂ Î and a lysate of proteins was prepared in NP40 as a detergent. Immunopre-
cipitates were prepared with either the IHl and 3C11 mAbs or a polyclonal antiserum raised in rabbits 
against a GST-CDld fusion protein (a-GSTd). The a-GSTd immunoprecipitates were either treated 
( + ) or not treated ( - ) with N-glycanase. NRS represents normal rabbit serum as a control. The 
immunoprecipitates were resolved under reducing conditons and exposed on a Phosphorimager (Molec-
ular Dynamics). The closed arrow indicates the glycosylated CDld and the open arrow the deglycosy-
lated (or nonglycosylated) CDld. 

fined, three of which have been shown to encode distinct proteins (Fujii et al, 
1994). Two of these are soluble molecules, one of which is likely unassociated 
with J82M. 

Given these observations with other class lb molecules and our ability to detect 
distinct protein species in lECs by Western blotting, we analyzed CD ID transcrip-
tion in human lECs by 3'-RACE. This has also revealed a series of alternatively 
spUced products. One transcript terminates in a cryptic polyadenylation site in 
the intron between the al and a3 domain exons. A second transcript deletes the 
transmembrane region exon while a third deletes the a3 domain exon (data not 
shown). Whether these alternatively spliced CD ID transcripts encode functional 
protein needs to be estabUshed. 

Nonetheless, the detection of these different structural forms within lECs by 
analysis of CDld protein and CD ID transcripts raises the possibility of a role for 
these forms within the intestinal epithelial compartment, especially with respect to 
ilEL expansion and function. The dramatic colonization of the epithelium with a 
limited number of CD8"^ T-cell clones seems unlikely to be a stochastic or random 
event, suggesting that an lEC ligand, or ligands, exists for a limited number of 
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FlGURE 2. Western blotting of lEC CD Id. Plasma membranes from normal human colonic lECs or 
the T84 cell line were solubilized in inmiunoprecipitation buffer containing NP40 as a detergent and 
immunoprecipitated with either normal rat serum (NRS) or the 3C11 monoclonal antibody (mAb). 
The immunoprecipitates were resolved by SDS-PAGE under nonreducing conditions, transferred to 
nitrocellulose by Western blotting and immunoblotted with an anti-CD Id antipeptide antiserum. The 
resultant bands were detected with a horseradish peroxidase-conjugated secondary antibody and en-
hanced chemiluminescence (Amersham). 

cytolytic ap TCR+ (and likely y8 TCR+) CD8+ T cell clones, which results in 
the TCR-specific recruitment and/or expansion in the basal state. Our studies raise 
the possibility that alternative isoforms of CD Id on lECs, perhaps presenting a 
limited array of nonconventional antigens, may perform these functions. Cytokines 
such as IFNy could upregulate this form of CD Id, resulting in the further recruit-
ment and/or expansion of appropriate ilEL clones. It could further be speculated 
that lEC alterations during injury may lead to limited antigenic differences, which 
may trigger the cytolytic activity of these clonally expanded ilELs. This cytolytic 
signal may be another isoform of CD Id, such as the intracellular form described 
here, other members of the CDl gene family, or other cell surface proteins yet to 
be defined, such as gpl80 (Yio et al, 1995). Given the observations of dendritic 
epidermal cells in mouse skin which utilize an invariant yd TCR that appears to 
be specific for an antigen expressed on stressed keratinocytes, these putative 
events may be a general property of the mucosal/epithelial surfaces (Havran et al, 
1991). 
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In recent years, it has become increasingly clear that the intestinal epithelial cells 
have key functions in addition to digestion and nutrient absorption. The epithelium 
is poised to serve as both the key physical barrier to the complex mixture of 
microorganisms and potentially toxic compounds present in the lumen and the 
frontier of the mucosal immune system. Intestinal epithelial cells are capable of 
producing a variety of cytokines and other regulatory factors which can affect 
functional regulation of the epithelium itself through autocrine and paracrine 
mechanisms as well as functional integration with lamina propria populations. The 
bidirectional nature of this cytokine network is now apparent with the demonstra-
tion that both rat and human intestinal epithelial-derived cell lines possess a much 
greater array of cytokine receptors than previously anticipated. 

Regulatory peptides encompass structurally diverse peptides identified variously 
as peptide growth factors, interleukins, interferons, neuropeptides, hormones, and 
colony-stimulating factors (Nathan and Spom, 1991). Several cytokines have been 
found to be expressed by constituents of the intestinal mucosa and to modulate 
intestinal epithelial cell populations. They include transforming growth factor j8 
(TGFjS), transforming growth factor a (TGFa), interleukin-1 (IL-1), tumor necro-
sis factor a (TNFa), and interferon-y (IFNy) (Shirota 1990; Madara and Strafford, 
1989; Takacs et al, 1988; Wu and Miyamoto, 1990; Chang et aU 1990). These 
cytokines also exert potent effects on constituents of the mucosal immune system. 

A high degree of redundancy is present within the "network" of cytokines 
found in the intestinal mucosa: a single cytokine can be produced by a wide vari-
ety of cells, and conversely each may act on a variety of distinct cell populations 
with diverse bioactivities. Both epithelial and immune cell populations may pro-
duce many or all of these cytokines in addition to serving as target cells. These 
observations lend support to the notion that a complex network of cytokines may 
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have an important role in the regulation of a range of biological processes within 
the intestinal mucosa, e.g., regulation of epithehal cell proliferation and differenti-
ation. 

I. R E G U L A T O R Y P E P T I D E S M O D U L A T E E P I T H E L L \ L 

P R O L I F E R A T I O N A N D F U N C T I O N 

The intestinal mucosa is distinguished by a dynamic population of epithelial cells 
at its surface which undergoes nearly complete turnover every few days (Lipkin 
1963). Despite continued loss of mature epithelial cells from villus tips and their 
replacement from the crypts, the integrity of the mucosal barrier and other func-
tions are preserved. It is evident that these processes require precise regulation of 
proliferation and differentiation. In addition to peptide factors, components of the 
extracellular matrix and mesenchyme are also likely to be important. 

Nontransformed cell lines from rat small intestinal epithelium, designated lEC-
6, IEC-17, and IEC-18, have provided useful models to study the contribution of 
extracellular matrix and peptide factors in intestinal epithelial cell proliferation 
and differentiation. These cell lines retain many of the characteristics of crypt cells 
(Quaroni et al, 1979). It has been reported that the cells can be induced to differ-
entiate into mature epithelial cell types (enterocytes, goblet, endocrine, and Paneth 
cells) by association with fetal rat gut mesenchyme (Hahn et ai, 1990). In addi-
tion, enterocyte differentiation has been reported when IEC-6 cells were grown on 
a complex extracellular matrix without additional cellular elements (Carroll et al, 
1988). 

Epidermal growth factor (EGF), a homolog of transforming growth factor 
(TGFa), stimulates proliferation of lEC cell lines. In contrast, TGF/3 is a very 
potent inhibitor of proliferation (Kurokawa and Podolsky, 1987). In addition to 
inhibition of proliferation, TGFjSj also induces some features of the differentiated 
phenotype in lEC cells. Both TGFa and TGF/3 are produced by the lEC cell lines 
and their expression appears to be controlled by autocrine mechanisms (Suemori 
et al, 1991a). Addition of EGF (as a surrogate for TGFa) to subconfluent cells 
resulted in enhanced expression of TGFa mRNA which peaked at 3-6 hr. Subse-
quently TGFa expression declined in parallel with increasing expression of TGFjSj 
in the lEC cells. In contrast, addition of TGFj8 to subconfluent lEC cells resulted 
in both autocrine induction of its own expression and suppression of TGFa expres-
sion. These observations suggest that an initial proliferative stimulus is reinforced 
by autocrine induction of TGFa but is ultimately downregulated through parallel 
induction of TGFj8 expression. 

The physiological relevance of these studies (on the lEC cells) is underscored 
by the observed expression of TGFa and TGF/3 mRNA and protein in primary 
rat intestinal epithehal cells (Koyama and Podolsky, 1989; Barnard et al, 1989). 
Expression of EGF could not be demonstrated, suggesting that TGFa and other 
members of the EGF family (e.g., amphiregulin) may be the physiological ligands 
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for previously described EGF receptors on the basolateral surface of normal intes-
tinal epithelial cells. Interestingly, a gradient of TGFa expression was observed 
among isolated primary intestinal epithelial cells. Paradoxically, preferential ex-
pression was seen in villus cells with progressively lower amounts in the crypts. 
In contrast, highest levels of TGFj8 mRNA expression were found in the crypts 
with progressively lower levels in villus cell populations, although TGFj8 peptides 
may be more widely distributed. The predominance of TGFjS in crypt populations 
may imply the need for a constitutive restraint on proliferation. These gradients of 
expression may suggest mechanisms for regulation of proliferation but other func-
tions of the peptides cannot be excluded. EGF, and by implication TGFa, can 
modulate nutrient and electrolyte transport as well as disaccharidase expression in 
enterocytes. 

Following recognition of the role of the growth factors TGFa and TGFjS in 
modulating proliferation of intestinal epithelial cells, studies from this laboratory 
demonstrated the presence of functional IL-2 receptors in the IEC-6 cell line de-
rived from normal rat crypt epithelium as well as primary rat enterocytes (Ciacci 
et al, 1993a). IL-2 was found to enhance production of TGFj8 and promote cell 
migration in in vitro wounding models (vide infra). In subsequent studies, these 
studies have been extended with the demonstration of functional IL-2 receptors on 
human colonic epithelial-derived cell lines (Reinecker and Podolsky, 1995). 

These studies have led to the recognition that intestinal epithelial cells may 
respond to an even broader range of cytokines whose receptors share a component 
of the IL-2 receptor complex (Reinecker and Podolsky, 1995). IL-2 signalling re-
quires the dimerization of the IL-2 receptor /3 (IL-2Rj8) and common y (TC) 
chains. The 7c is also a component of the receptors for IL-4, IL-7, and IL-9. To 
assess the extent and role of the receptor signal transducing system utilizing the 
7c chain on human intestinal epithelial cells, the expression of yc, IL-2Rj8, and 
receptor chains specific for IL-4, IL-7, and IL-9 was assessed by reverse transcrip-
tion-coupled PCR on human intestinal epithelial cell lines and on isolated primary 
human intestinal epithelial cells. CaC02, HT-29, and T-84 cells were found to 
express transcripts for the yc and IL-4R chains constitutively. IL-2Rj8 chain ex-
pression was demonstrated in CaC02 and HT-29 but not in T-84 cells. None of 
the cell lines expressed mRNA for the IL-2Ra chain. After stimulation with epi-
dermal growth factor for 24 hr CaC02, HT-29, and T-84 cells expressed transcripts 
for IL-7R. In addition, CaC02 and HT-29 cells expressed mRNA for the IL-9R. 
Receptors for IL-2, IL-4, IL-7, and IL-9 on intestinal epithelial cell lines appeared 
to be functional; stimulation with these cytokines caused rapid tyrosine phosphory-
lation of several cellular proteins. Of note, the pattern of proteins undergoing tyro-
sine phosphorylation in the intestinal epithelial lines in response to these cytokines 
was distinct from that observed in lymphocytes exposed to these same Ugands. 
These findings suggest that the pathways of response to cytokines in epithelial 
cells may be distinguished from those delineated in lymphocytes and macro-
phages. The relevance of the observations in intestinal epithelial cell lines for 
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intestinal epithelial function in vivo was supported by the demonstration of tran-
scripts for 7C, IL-2Rj8, IL-4R, IL-7R, and IL-9R in primary human intestinal epi-
thelial cells. 

II . C Y T O K I N E S A N D R E S P O N S E T O M U C O S A L I N J U R Y 

The mucosal epithelium of the alimentary tract forms a barrier to the broad spec-
trum of noxious substances present within the lumen. Rapid resealing of this bar-
rier following injury is essential to preservation of normal homeostasis. Observa-
tions made over the past several years have demonstrated the capability of the 
gastrointestinal tract to rapidly reestablish continuity of the surface epithelium 
after extensive destruction. This process, which occurs following various forms of 
injury both in vitro and in vivo, has been called epithelial restitution (Waller et ai, 
1988; Silen, 1987; Lacy 1988; Fell et al, 1987). Restitution occurs by migration 
of viable epithelial cells from areas adjacent to or just beneath the injured surface 
to cover the denuded area; restitution in vivo has been observed to occur within 
minutes to hours. The rapidity of this process suggests that cellular proliferation is 
not essential to restitution. Regeneration through epithelial cell proliferation and 
differentiation of surface mucosal cells occurs subsequent to this initial response 
to reestablish the continuity of the epitheUal surface (Rutten and Ito, 1983; Moore 
et al, 1989; Nusrat et al, 1992). 

Initial studies in this laboratory using an in vitro model of epithelial restitution 
demonstrated that TGFjS promotes intestinal epithelial restitution (Ciacci et al, 
1993b). However, as noted above, the broad spectrum of regulatory peptides gen-
erally known as cytokines has been demonstrated to be present within the intesti-
nal mucosa and may serve as important modulators of epithelial cell function. 

The effects of various cytokines and peptide growth factors were studied in an 
in vitro model of intestinal epithelial restitution (Dignass et al, 1993a). Standard 
"wounds" were established in confluent monolayers of the intestinal cell line lEC-
6, and migration was quantitated in the presence or absence of the physiologically 
relevant cytokines EGF, IL-lj8, IL-6, TNFa, IFNy, and PDGF. TGFa, EGF, IL-
lj8, and IFNy enhanced epithelial cell restitution by 2.3- to 5.5-fold. Basic FGF 
(fibroblast growth factor), KGF (keratinocyte growth factor), and HGF (hepatocyte 
growth factor) had similar effects (Dignass et al, 1994a,b,c). In contrast, IL-6, 
TNFa, and PDGF had no effect on cell migration, suggesting that the enhancing 
activity of the other cytokines was not a nonspecific effect. Enhancement of resti-
tution was independent of proliferation. The restitution-promoting cytokines 
TGFa, EGF, IL-lj8, and IFNy increase the production of bioactive TGF/31 peptide 
in wounded IEC-6 cell monolayers. The promotion of IEC-6 restitution by various 
cytokines could be completely blocked by addition of immunoneutralizing anti-
TGFjSl, suggesting that various cytokines that are expressed in intestinal mucosa 
promote epithelial restitution after mucosal injury through increased production of 
bioactive TGFjSl in epitheUal cells. 
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III . T R E F O I L P E P T I D E S A N D E P I T H E L I A L I N T E G R I T Y 

Although the epithelium represents the cellular frontier of the mucosa, it has long 
been recognized that the apical surface of this population is covered by a visco-
elastic coat secreted by the goblet cells (or mucous cells in the stomach), which 
occupies the interface between the lumen and the mucosa. This coat has been 
presumed to contribute to mucosal protection in conjunction with other potential 
functions. However, there has been little insight into its biochemical and functional 
properties in direct support of this concept. 

The viscoelastic gel overlying the mucosa is formed largely by the secreted 
products of the goblet cell population. Among these, the high-molecular-weight 
mucin glycoproteins have been the best recognized. Although these highly hetero-
geneous and extensively glycosylated glycoproteins presumably contribute to gel 
formation, their functional importance remains incompletely understood. More re-
cently, mucus-producing cells have been recognized to secrete large amounts of 
trefoil peptides in conjunction with mucin glycoproteins. The mammalian trefoil 
peptide family is composed of at least three small peptides sharing a distinctive 
motif of six cysteine residues in a module (designated a trefoil or a "P" domain), 
which leads to the formation of three intrachain loops through disulfide bond for-
mation (Thim et al, 1988, 1989, 1994). These peptides are expressed in a comple-
mentary organ-specific pattern throughout the gastrointestinal tract, which seems 
to have been highly conserved through evolution. pS2 expression is found in the 
proximal stomach, human spasmolytic polypeptide (HSP) in the distal stomach 
and biliary tree (and pancreas in some animals), and intestinal trefoil factor (ITF) 
throughout the small and large intestine (Podolsky et al, 1993; Suemori et al, 
1991a; Rio et al, 1988; Jeffrey et al, 1994; Hanby et al., 1993a,b; Lefebvre et 
al, 1993; Rio et al, 1991; Tomasetto et al, 1990; Chinery et al, 1992). These 
peptides are secreted onto the luminal surface, where they are present in the visco-
elastic mucus gel. 

In order to define the biochemical properties which enable these peptides to 
exert protective effects at the lumenal surface, human and rat intestinal trefoil 
factors (HITF and RITF) have been purified from colonic and intestinal mucosa, 
respectively, by ammonium sulfate precipitation of soluble proteins from mucosal 
scrapings, followed by sequential chromatography on DEAE-cellulose and re-
verse-phase HPLC to yield homogenous proteins on SDS-PAGE recognized by 
anti-ITF antisera. Native ITF was found to exist as monomer and dimer species of 
apparent molecular weight 6.8 and 14 kDa. Recombinant ITFs produced using the 
baculovirus expression cloning system were found to occur as spontaneously 
formed dimers which comigrated with native ITFs and were recognized by anti-
ITF antisera. Recombinant RITF and HITF were resistant to digestion by pancre-
atic and gastrointestinal tract digestive proteases as assessed by electrophoretic 
migration and immunoreactivity with anti-ITF antisera. Addition of either RITF or 
HITF to a solution of purified human colonic mucin glycoproteins resulted in 
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macromolecular complex formation. Comparable aggregation was observed with 
the addition of another trefoil peptide, HSP (human spasmolysin). Aggregation 
appeared to depend on ITF dimer formation; monomeric ITF had no effect on 
light scattering but could competitively inhibit HSP-induced aggregation of mucin 
glycoproteins. Thus, trefoil peptides are structurally suited to retain biological 
function in the hostile environment of the mucosal surface and may facilitate pro-
tection through direct complex formation with mucin glycoproteins, the other 
dominant product of goblet cell populations. 

Although the trefoil peptides and mucin glycoproteins are among the most 
abundant products of the gastrointestinal tract mucosa and in aggregate seem to 
form the mucus gel that composes the interface between mucosa and lumen 
throughout the gastrointestinal tract, their full functional role has not yet been 
defined. Ectopic expression of trefoil peptides adjacent to areas of ulceration pro-
vides circumstantial evidence for a role in wound healing (Hanby et al, 1993a; 
Rio et al, 1991; Wright et al, 1990, 1993). While expression of a protein in 
metaplastic tissue does not necessarily reflect an important physiologic function, 
it should be noted that expression of trefoil peptides is highly induced in animal 
models of gastrointestinal ulceration. In a rat model of gastric ulceration induced 
by glacial acetic acid, a 1000-fold increase in immunoreactive ITF in the sur-
rounding tissue was observed, compared to only 4-fold induction of rSP by Day 
40 when healing was nearly complete (Taupin et al, 1994). As assessed by immu-
nohistochemistry, highest levels of expression of these trefoil peptides was present 
in proximity to the ulcer with diminishing levels at greater distances from the 
lesion. In contrast, a similar model of ulceration induced by application of acetic 
acid to rat intestinal serosa demonstrated greater increases in rSP expression than 
that observed for ITF (Cook et al, 1994). While some groups have reported alter-
ations in trefoil peptides immediately after injury (Stettler et al, 1995), others note 
that increased expression occurs in a substantially delayed time frame (Cook et 
al, 1995) that would seem to preclude a primary role in healing. 

The presence of high concentrations of trefoil peptides and mucin glycoproteins 
on the luminal surface of the normal gastrointestinal tract due to constitutive pro-
duction suggests that these factors play an important role in sustaining normal 
mucosal function. In recent studies, cooperative interaction between trefoil pep-
tides and mucin glycoproteins was observed to protect the integrity of model intes-
tinal epithelial monolayers against a variety of injurious agents (Dignass et al, 
1994c). Addition of recombinant trefoil peptides human spasmolytic polypeptide, 
rat and human intestinal trefoil factor to subconfluent nontransformed rat intestinal 
epithelial cell fines (IEC-6 and IEC-17), human colon cancer-derived cell lines 
(HT-29 and CaC02), or nontransformed fibroblasts (NRK and BHK) had no sig-
nificant effect on profiferation. However, addition of the trefoil peptides to 
wounded monolayers of confluent IEC-6 cells in the in vitro model of epithelial 
restitution described above resulted in a 3- to 6-fold increase in the rate of epithe-
lial migration into the wound. Stimulation of restitution by the trefoil peptide HSP 
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was enhanced in a cooperative fashion by the addition of mucin glycoproteins 
purified from the colon or small intestine of either rat or man, achieving up to a 
15-fold enhancement in restitution. No synergistic effect was observed following 
the addition of nonmucin glycoproteins. In contrast to cytokine stimulation of in-
testinal epithelial cell restitution, which is mediated through enhanced TGFjS bio-
activity, trefoil peptide and trefoil peptide-mucin glycoprotein stimulation of resti-
tution was not associated with alteration in concentrations of bioactive TGFjS and 
was not affected by the presence of immunoneutralizing anti-TGF/3 antiserum. 
Collectively, these findings suggest that the trefoil peptides which are secreted 
onto the lumenal surface of the gastrointestinal tract may act in conjunction with 
the mucin glycoprotein products of goblet cells to promote reestablishment of 
mucosal integrity after injury through mechanisms distinct from those which may 
act at the basolateral pole of the epithelium. 

In addition to promoting healing of epithelial monolayers after injury, recent 
studies demonstrate that trefoil peptides and mucin glycoproteins act in a coopera-
tive fashion to protect monolayers of intestinal epithelial cells against a variety of 
injurious agents (Kindon et al, 1995). Intestinal epithelial cell lines form a rela-
tively impermeable barrier to the inert marker mannitol when grown on a support-
ing membrane. Injurious agents, including C. difficile toxin A and bile salts (tauro-
cholic acid and oleic acid), damage the integrity of the monolayer barrier, with 
penetration of the marker mannitol. Both native and recombinant rITF or hITF, or 
HSP in combination with gastrointestinal tract-derived mucin glycoproteins when 
applied to the monolayer prior to adding the agent, markedly diminished the in-
jury. Although the addition of either a trefoil peptide or a mucin glycoprotein 
individually conferred protection, combinations of a trefoil peptide and a mucin 
glycoprotein provided increased protection in an additive and perhaps synergistic 
fashion. These effects too appear to be generic to trefoil peptides and gastrointesti-
nal tract mucin glycoproteins. Thus, protection conferred by combinations of gas-
tric mucin glycoproteins with either native or recombinant ITF, or colonic mucin 
glycoprotein with recombinant hSP, was similar to that observed with combina-
tions of colonic mucin glycoproteins and ITF, or gastric mucin glycoprotein with 
hSP. Similarly, the source species (human or rat) did not appear to alter the addi-
tive nature of the effect, with combinations of rat and human proteins conferring 
protection similar to combinations of trefoil peptides and mucin glycoprotein from 
the same species. Non-mucin glycoproteins alone or in combination with trefoil 
peptides were ineffective in protecting against injury. These studies provide further 
evidence of a generalized interaction between trefoil peptides and mucin glycopro-
teins within the gastrointestinal tract, and for a role in the prevention of injury to 
the mucosal epithelium. Further studies are needed to define whether the protective 
effects of trefoil peptide and mucin glycoprotein combinations result from stabili-
zation of the physical structure of mucin, or a more direct effect on the epithelium 
via specific receptors, or both. 

Recent studies have supported the inference that the effects observed in vitro 
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parallel properties of trefoil peptides exerted in vitro (Babyatsky et al, 1996). Oral 
rHSP and ITF markedly protected against both ethanol- and indomethacin-induced 
gastric injury in rats when given up to 6 hr prior to injury. No protection against 
ethanol injury was noted after intraperitoneal administration of rHSP. Intraperito-
neal rHSP protected against indomethacin-induced injury only at the maximal dose 
given (15 mg). Neither rHSP or ITF altered gastric pH. Protection was not associ-
ated with systemic absorption of trefoil peptides. These findings support the con-
clusion that the viscoelastic gel formed by these constituents in vivo provides an 
important defense mechanism protecting the mucosa from injury as well as facili-
tating repair after injury has occurred. 
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I. I N T R O D U C T I O N 

The intestinal mucosa is routinely exposed to an enormous number of macromole-
cules and potential pathogens; therefore the maintenance of the integrity of the 
epithelial barrier is of particular importance in the physiopathology of this organ. 
The morphological and functional steady state of the mucosa depends primarily 
on an appropriate ratio of epithelial cell proliferation and maturation. 

In the mature organ, the single-layered small intestinal epithelium is compart-
mentalized: deep crypts contain the stem cells and proliferative cells, and villi 
protruding in the lumen are composed of highly polarized and tightly linked ab-
sorptive cells. The onset and maintenance of this morphological and functional 
organization result from various intrinsic properties of the cells, hormonal regula-
tions, and intercellular signaling. The cell types involved in this signaling network 
are present in the epithelium itself (like endocrine, goblet, Paneth cells, and intra-
epithelial lymphocytes) and in the underlying connective tissue (the lamina pro-
pria) that comprise various immunocompetent cells, endothelial and muscle cells, 
neurons, and fibroblasts. Interestingly, a fibroblastic cell layer is closely apposed 
to the epithelial layer. 

The intestinal anlagen are formed early in development and consist of a poorly 
differentiated stratified epithelium derived from the endoderm, which is sur-
rounded by undifferentiated intestinal mesenchymal cells. During morphogenesis, 
a single-layered epithelium is formed in parallel to the outgrowth of villi; the 
mesenchyme differentiates into the outer muscle layers and the cellular elements 
of the submucosal and mucosal connective tissue. Among these latter cells are the 
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subepithelial juxta-parenchymal cells. A complex network of extracellular matrix 
molecules which forms the basement membrane is present between the epithelial 
and fibroblastic cell layers from the earliest stages of intestinal development and 
from the crypts to the villi. 

This article will focus on the role of heterologous cell interactions between 
epithelial and mesenchymal cells, and of basement membrane molecules in the 
morphological and functional integrity of the gut epithelium. The potential 
involvement of these cellular and molecular components in the process of in-
flammation will be discussed. 

II. EPITHELIAL-MESENCHYMAL C E L L INTERACTIONS 

A. Morphological Observations of the Intestinal 
Epithelial—Mesenchymal Interface 

At fetal stages corresponding to 7-8 weeks in human, at 12 or 14 days in mouse 
or rat, the intestinal epithelial-mesenchymal interface is characterized by the fact 
that the basal surface of the deepest layer of endodermal cells is delineated by a 
regular basement membrane underlined by elongated mesenchymal cells. Later on, 
when villus morphogenesis takes place, the basement membrane is interrupted, 
allowing direct contact between both cell compartments through cytoplasmic pro-
cesses which extend either from the base of the epithelial cells (Mathan et al, 
1972) or from the mesenchymal cells (Colony and Conforti, 1993). In the mature 
intestine, small fenestrations in the basement membrane are observed in the upper 
two-thirds of the villi where basal protrusions of the epithelial cells can be seen 
(Komuro and Hashimoto, 1990). These scanning and transmission electron micros-
copy observations, e.g., direct cell-cell contact as well as heterologous cells sepa-
rated by a basement membrane, suggest that cell communications could occur via 
local paracrine factors (see The Mesenchymal Cell Compartment) and/or via cell-
matrix molecules (see Experimental Observations . . .) signaling. 

B. Experimental Observations of Reciprocal Permissive 
and Inductive Cell Interactions 

The comparison of monocultures of isolated intestinal endodermal or epithelial 
cells and of mesenchymal-derived cells with cocultures of endodermal-mesenchy-
mal cells stressed the importance of heterologous cell contacts for epithelial cell 
cytodifferentiation (Kedinger et ah, 1987). A similar conclusion was drawn from 
gastric anlagen cocultured on both sides of Nucleopore filters, in which epithelial 
differentiation occurred only when the diameter of the pores allowed migration of 
mesenchymal cells to the epithelial side of the filter (Takiguchi-Hayashi and Ya-
sugi, 1990). The morphological and biochemical follow-up of grafted hybrid intes-
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tines—composed of epithelial/mesenchymal anlagen taken either from different 
species (chick/rodent) or from different levels of the gastrointestinal tract—al-
lowed us to demonstrate that the mesenchyme plays most often a permissive role 
in the morphogenesis and cytodifferentiation of the endoderm. As an example, 
cross-associations comprising rat proximal (jejunal) endoderm and distal (ileal) 
mesenchyme, or vice versa, develop hybrid structures in which epithelial cells 
express an enzymatic pattern characteristic of the original level of the endoderm. 
This has been illustrated clearly for the peculiar maintenance in the proximal epi-
thelium, and shut down in the distal epithelium of lactase mRNA and protein at 
stages corresponding to the postweaning period (Duluc et al, 1994). However, 
the involvement of additional inductive interactions has been emphasized by the 
"intestinalization" of chick gizzard and of rodent colon endoderm by the small 
intestinal mesenchyme. This latter aspect, illustrated by the induction by the small 
intestinal mesenchyme of sucrase in epithelial cells deriving from the colon endo-
derm (Duluc et al, 1994), is of particular interest since colonic cancer cells ex-
press small intestinal-like phenotypes. Reciprocal instructive interactions have also 
been demonstrated in associations developed from gut endoderm surrounded by 
skin fibroblasts. In this case, intestinal epithelial cells induce skin fibroblasts to 
form subnormal lamina propria and muscle layers (Kedinger et al, 1990). Finally, 
recombination experiments showed that mature tissular components—crypt epithe-
Hal cells as well as fibroblasts from the lamina propria—retain properties similar 
to those of their embryonic counterpart (Haffen et al, 1983; Kedinger et al, 
1986). 

C. The Mesenchymal Cell Compartment 

As described in the two preceding paragraphs, there are compelling reasons to 
argue that intestinal mesenchymal cells have significant roles in intestinal mucosal 
development and physiology. Because of their localization at the epithelium-lam-
ina propria interface, the subepithelial (myo)-fibroblastic cells may be involved in 
signal transmission between these compartments. The current knowledge about the 
subepithelial mesenchymal cells has been summarized in a recent review (Valen-
tich and Powell, 1994). Among the various putative effectors described in various 
tissues, the two following examples illustrate partially the molecular nature of 
signals given by the intestinal mesenchyme and received by epithelium allowing 
morphogenesis, differentiation, or growth. 

In situ hydridization of the developing gut revealed a mesenchymal expression 
of epimorphin, a component shown to be involved in epithelial morphogenesis 
such as lung tubular formation and hair follicle growth (Hirai et al, 1992). More 
precisely, epimorphin mRNA was detected at early development stages in clusters 
of mesenchymal cells surrounding the gut endoderm, and later on in cells underly-
ing the intervillus epithelium (Goyal et al, 1995). A similar localization has been 
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reported for scatter factor/hepatocyte growth factor (SF/HGF) mRNA (Sonnenberg 
et al, 1993). SF/HGF is a secreted glycoprotein which acts in a paracrine fashion 
on epithelial cell growth and movements, and thus on morphogenesis. Interest-
ingly, transcripts of the SF/HGF receptor, the C-met tyrosine kinase, are detected 
in the intestinal epithelial cells (Sonnenberg et al, 1993). The receptors have been 
shown to be distributed on the basolateral surface of the epithelial cells in the 
colon (Crepaldi et al, 1994). The complementary expression of SF/HGF and its 
receptors in the two-cell compartments suggests one possible molecular mecha-
nism for mesenchymal-epithelial interactions. 

In an attempt to characterize more precisely the properties of individual intesti-
nal stromal cells in terms of (1) their production of—or response to—local para-
crine factors (cytokines) and extracellular matrix (ECM) molecules, and (2) their 
effect on epithelial cells, we raised permanently growing fibroblast lines derived 
from postnatal rat intestinal lamina propria (G. Evans, personal communication). 
A first set of experiments shows that the conditioned culture medium collected 
from these lines contains some factors implicated in epithelial-mesenchymal cell 
interactions. In particular SF/HGF and also basic fibroblast growth factor (bFGF) 
which also interacts with basement membrane heparan sulfate proteoglycan to 
form a complex that binds to and activates the cell surface FGF receptors. In a 
second series of experiments, we have selected two morphologically different sta-
ble clones, F1G9 and AlFl, from one pleomorphic fibroblast line. These two 
clones exhibit characteristic growth responses to cytokines. The proliferation of 
the former line is inhibited by TGF)81, that of the latter by IL-2. In addition, 
TGF/3 induces a large proportion of F1G9 cells to express smooth muscle a-actin, 
but this factor does not promote increased expression of this molecule in the AlFl 
clone. As for the effects of these mesenchymal cell lines on epithelial cells, differ-
ent effects on promoting growth and differentiation have also been observed. 

Experimental approaches, including cocultures of fetal intestinal endodermal 
cells and of the fibroblast cell lines and grafts of associations comprising intact 
endoderms wrapped in fibroblastic cell sheets, were used to analyze the response 
of the epithelial cells. We observed that AlFl cells stimulated growth of the endo-
dermal cells, while F1G9 cells rather induced their differentiation. In addition, 
the morphology of the developed hybrid associations was different; they form, 
respectively, deep glands and villus-crypt structures (Fritsch et al, manuscript in 
preparation). 

Taken together, these observations and experiments strongly suggest that spe-
cific mesenchymal cell populations can direct intestinal development and differen-
tiation; furthermore, their nature and properties can be influenced by various cy-
tokines produced by the epithelium or the immunocompetent cells present in the 
lamina propria. Dysfunction of signal transmission emanating from the mesenchy-
mal cells may be a crucial determinant in the pathogenesis of intestinal inflamma-
tory disease (see Valentich and Powell, 1994). 
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III. EXTRACELLULAR MATRIX MOLECULES AND CELL 
INTERACTIONS: A N INTEGRATED INTERPLAY CONTROLLING 

THE PHYSIOLOGICAL STEADY STATE O F THE 
INTESTINAL TISSUE 

A. ECM Components in the Developing and Mature Gut 

Because of its strategic location between the epithelial cells and the adjacent mes-
enchymal cells, the basement membrane (BM) may play a crucial role in regulat-
ing the communication between these two cell compartments. BMs are specialized 
sheet-like ECM that separate the parenchymal cells from the connective tissue in 
most tissues. ECM molecules are considered as dynamic effectors in morphogene-
sis and in generation and maintenance of epithelial cell polarity. This exoskeleton 
interacts with cell surface receptors such as integrins which transduce information 
from the cell environment to the intracellular compartment. 

The current knowledge on the location, nature, and developmental or spatial 
variations of the ECM molecules expressed in the intestinal tissue has been re-
viewed recently (Simon-Assmann et ah, 1995). The ubiquitous BM molecules, 
laminin, type IV collagen, nidogen, and perlecan are found in the subepithelial 
intestinal BM. To illustrate the diversity in the expression, molecular composition, 
and localization of the intestinal BM, laminin represents an interesting example. 
At least three isoforms of the laminin (LN) family are expressed in the gut subepi-
thelial BM: LN-1, LN-2, and LN-5. Laminins are trimeric cross-shaped molecules 
characterized by one long arm comprising the helicoidal association of the C-
terminal end of the three peptides and by three short arms corresponding to the 
single N-terminal ends of each constituent chain. Laminin-1 (al , j81, y\ chains) 
is expressed at the intestinal epithelial-mesenchymal interface in intestinal anlagen 
(11/12 days in the mouse/rat embryos, 7 weeks in human fetuses). From a biosyn-
thetic point of view, large amounts of LN-1 with the highest a\ versus j81/yl 
chains ratio are produced during intestinal morphogenesis/differentiation (Simo et 
al, 1991). In contrast to LN-1, the first expression of LN-2 (a2, j81, y\ chains) is 
delayed and corresponds to the stage of crypt formation (after birth in rodents, 
«15 weeks in human) where these molecules are confined. In the human mature 
organ, LN-1 and LN-2 have a complementary localization (Fig. 1), with LN-1 
underlying the villus epithelial cells and LN-2 the crypt cells (Simon-Assmann et 
al, 1994; Beaulieu and Vachon, 1994). Finally, LN-5 (a3, /33, yl chains), which 
is found like LN-1 at the level of the villus, is characterized in the mouse intestine 
by a dissociation in chain expression due to a late appearance of a3 chains (Orian-
Rousseau et al, 1996). Such a distinct distribution of each LN molecule 
together with their specific binding to various integrins strongly suggests their 
participation in different cellular behavior such as proliferation, migration, and 
differentiation. 
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FIGURE 1. Differential expression of laminin isoforms in liuman adult intestine. The molecule or 
individual chains immunodetected with the corresponding antibodies are indicated on top of the micro-
graphs, (e) Epithehal cells, (Ip) lamina propria, (V) villus, (C) crypt. 

B. Involvement and Role of BM Molecules in Cell Interaction-
Dependent Differentiation 

A variety of experimental observations performed in various cell systems includ-
ing intestinal cells point to the fact that the organization of a true BM requires the 
intimate contact between epithelial and mesenchymal cells. Experimentally, al-
though each cell compartment cultured independently is able to synthesize some 
BM molecules, no authentic BM—visualized with specific antibodies or as an 
electron-dense material—can be elaborated unless heterologous cocultures are em-
ployed. In this case, laminin, type IV collagen, nidogen, and perlecan are depos-
ited at the epithelial/mesenchymal interface (Simon-Assmann et al, 1988). 

The absolute requirement of close cell contacts for BM formation can be ex-
plained by the data obtained from the analysis of chick-rodent epithelial-mesen-
chymal hybrid associations developed as grafts in chick embryos or in nude mice 
(Fig. 2A). In these hybrid intestines, the deposition of BM components is traced 
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FIGURE 2, Schematic representation of interspecies recombination experiments (A) and of cocultures 
(B). (A) Intestinal anlagen taken from 5-day-chick (C) embryos or 12/14-day-rodent (R) fetuses (12 
days in mouse, 14 days in rat) are dissociated enzymatically by coUagenase and then mechanically to 
separate the endoderm from the mesenchyme. Interspecies recombinants comprising rodent mesen-
chyme (m) and chick endoderm (e) (Rm/Ce) or vice versa (Cm/Re) are grafted in the coelom of 3-
day-chick embryos or under the skin (or kidney capsule) in nude mice. (B) 14-day fetal rat intestinal 
endodermal microexplants are seeded on top of confluent fetal mesenchymal cells or lamina propria 
fibroblasts or other nonintestinal fibroblasts as controls. The hybrid intestines/or cocultures are recov-
ered after various time periods and processed for immunocytochemistry and biochemical analysis. 

with species-specific antibodies. From these observations we conclude that the 
subepithelial BM is composed of molecules deposited either by the epithelial or 
mesenchymal compartment alone, or by both compartments for some BM constit-
uents. In addition, variations in the cellular origin can be observed as a function 
of the development of the hybrids. The detailed conclusions drawn from this study 
are summarized in Table I (for references see Simon-Assmann et al, 1995). These 
data stress the importance not only of the heterologous cell contacts but also of 

TABLET 

SUMMARY O F THE EPITHELIAL OR MESENCHYMAL ORIGIN O F THE DIFFERENT BM 

MOLECULES IN CHICK/RODENT HYBRID INTESTINES DEVELOPED FOR. RESPECTIVELY, 

3, 6-8, AND 13 DAYS IN CHICK EMBRYOS 

Stages of 
development of 

the hybrid intestine 

Early stages 

Villus formation 

Final maturation 

BM molecules 

Epithelium 
Mesenchyme 
Epithelium 
Mesenchyme 
Epithelium 
Mesenchyme 

Perlecan 

+ 
-
+ 
-
+ 
— 

Type IV 
collagen 

+ 
+ 
-
+ 
-
-1-

Nidogen 

— 
+ 
-
+ 
-
-f-

LN-1 

iSlyl 
chains 

+ 
+ 
+ 
+ 
+ 
+ 

a l 
chain 

+ 
-
+ 
-
-h 

+ 

LN-5 

y2 
chain 

+ 
-
+ 
+ 
-
+ 
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the maturation state of each tissue compartment. This also underiies the reciprocal, 
permissive, or instructive cell interactions that lead to the elaboration of the appro-
priate exoskeleton. 

Experimental evidence supporting a role for BM molecules in cell differentia-
tion is given by the chronological steps in the formation of cell-cell contacts, BM, 
and expression of epithelial differentiation markers which occur in cocultures of 
early embryonic intestinal endodermal cells and mesenchymal cells (Fig. 2B). Fur-
thermore, in this model, the expression of apical hydrolases can be blocked by 
anti-laminin antibodies added in the coculture medium (Simo et al., Y)^l). A simi-
lar inhibition of the epithelial cell polarization or of tissular morphogenesis was 
obtained using antibodies directed against various laminin domains in the kidney 
and lung (for references see Simon-Assmann et al., 1995). In more recent experi-
ments, LN-1 a\ chain expression in the colonic cancer cell line Caco-2 was inhib-
ited by stably transfecting the cells with an antisense cDNA to this molecule. This 
led to particularly interesting and informative data on the role of this molecule 
(De Arcangelis et al., 1996). Caco-2 cells were chosen because, in contrast to most 
other colonic cancer cell lines, (1) they are highly polarized and differentiated in 
culture, (2) they express the constituent a\ chain of LN-1, and (3) they form a 
BM when cocultured on top of mesenchymal cells (Bouziges et al., 1991a). The 
absence of a l chain expression in the transfected clones altered the secretion of 
the complementary j81/yl chains of laminin. As a consequence (Fig. 3), no BM 

laminin sucrase 

FIGURE 3. Immunocytochemical detection of laminin-1 and sucrase on cryosections of cocultures. 
Control Caco2 cells or LNlal chain antisense-transfected cells are cultured on top of fetal skin fibro-
blasts. Arrows indicate the Caco2-fibroblast interface, (e) Caco2 cells, (f) fibroblasts. 
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was formed in cocultures despite the production of type IV collagen and nidogen 
by the mesenchymal cell compartment. Finally, the polarization and differentiation 
characteristics of the cells were strikingly disturbed. These experiments clearly 
demonstrate the requirement for laminin-1 for epithelial cell differentiation, which 
is also indicated by the villus localization of this laminin isoform. 

The potential role of the al chain in the maintenance of an extracellular micro-
environment specific to the crypt cell compartment was analyzed in a mutant al-
deficient mouse {dy/dy mouse). The major phenotype of these mice, which die 
prematuraly, is a severe muscular dystrophy (see in Simon-Assmann et al, 1994). 
Neither the overall gross morphology of the intestine, including the formation of 
crypts, nor the cytodifferentiation from the stem cells, including that of Paneth 
cells at the bottom of the crypts, was modified (Simon-Assmann et ah, 1994). This 
observation either means that LN-2 al chain does not act on the maintenance of 
the crypt steady state, or that replacement pathways can occur. This might be the 
case in the dy/dy mouse since in contrast to the human intestine, LN-1 a l is also 
found in the crypt BM. 

C. ECM Remodeling in Inflammatory Bowel Disease 

It is well documented that matrix molecules play an essential role in wound heal-
ing and fibrosis. The chronology of the events which occur in both cases are: (1) 
an inflammatory phase with inflammatory cell recruitement and function, resulting 
in an important release of cytokines; (2) a proliferative phase characterized by the 
expansion of the fibroblast population responding to locally produced cytokines 
and peptide growth factors; and (3) a remodeling phase characterized by the pro-
duction of extracellular matrix molecules (mainly connective tissue components, 
e.g., collagens I and III, fibronectin, chondronectin, and proteoglycans; Postleth-
waite and Kang, 1992). The role of the lamina propria fibroblasts in this increased 
ECM synthesis has been shown by Stallmach and colleagues (1992). These matrix 
molecules are involved in the restoration of the wound which is normally followed 
by resorption of the inflammatory site and suppression of further matrix formation. 
However, regulatory imbalances may result in pathological consequences, charac-
terized by the inappropriate deposition of fibrotic tissue and/or unresolved in-
flammatory responses. Such a situation is well documented in Crohn's disease 
where fibrosis may lead to intestinal strictures (Matthes et al., 1992). 

It is now recognized that changes in ECM synthesis, accumulation, and catabo-
Hsm may account for the initiation and progression of many acquired diseases. 
Thus, by analogy with the wound repair model, one can speculate that an en-
hanced or abnormal release of cytokines—^by immunocompetent, epithelial, or 
mesenchymal cells—may modulate the synthesis and/or degradation of ECM mol-
ecules including those at the epithelium/mesenchyme interface. This could alter 
cell interactions and finally lead to an imbalance between epithelial cell prolifera-
tion and differentiation. The three following examples reported for inflammatory 
bowel disease (IBD) illustrate how changes of the extracellular microenvironment 
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may lead to morphological disruption of the tissue. First, in intestinal biopsies 
taken from patients with active Crohn's disease, an increased immunostaining of 
hyaluronan (HA) in the distended lamina propria was observed together with an 
increased luminal release. This was interpreted by the authors as an indication of 
increased villus permeability (Ahrenstedt et al, 1992). HA is a large poly anionic 
molecule which could favor cell movements and tissue remodeling by preventing 
the accessibility to the cell receptors of ECM molecules involved in cell polariza-
tion and differentiation. It is tempting to correlate these observations made in 
Crohn's biopsies to the high synthesis of HA by the fetal intestine (Bouziges et 
al, 1991b) when morphogenetic remodeling occurs. Interestingly, ILl has been 
shown to increase HA synthesis (Postlethwaite and Kang, 1992). Second, a sub-
stantial loss of sulfated glycosaminoglycans from the subepithelial basement mem-
brane is described in IBD and in particular for Crohn's disease, and was associated 
with areas of TNFa-producing macrophages (Murch et al, 1993). TNFa could 
inhibit the synthesis of sulfated GAGs and thus disrupt the continuity of the base-
ment membrane. Besides, TNFa is known to induce apoptosis in target cells. The 
third example illustrating changes in the ECM patterning concerns tenascin. Al-
though tenascin is not considered a BM molecule, it is concentrated just beneath 
the epithelial cells. In normal gut it is expressed with an increasing gradient from 
base to the tip of the villi in the small intestine and restricted to the mucosal 
surface in the colon. This peculiar localization together with the fact that tenascin 
disturbs epithelial cell adhesion to the ECM substrate in vitro suggests that this 
molecule exerts a physiological role in the shedding of the intestinal epithelial 
cells (Probstmeier et al, 1990). Riedl and collaborators (1992) describe that tenas-
cin content at the basement membrane level is heavily increased in the inflamed 
mucosa and extends toward the bottom of the crypts. The overexpression of this 
molecule in areas outside the normal desquamation compartment might cause an 
overall decreased adherence of the epithelium in inflamed mucosa. This may also 
indicate a role for TGF^ in these diseases since this molecule has been reported to 
increase tenascin synthesis (Postlethwaite and Kang, 1992). 

IV. C O N C L U S I O N A N D P E R S P E C T I V E S 

The biology of the epithelial-mesenchymal cell interactions has been studied ex-
tensively in morphogenesis and differentiation in various organs, and we start now 
to understand part of the molecular signaling that controls cell communications. 
The lesson drawn from the observations and experimental works in this domain is 
that each developmental—injured or healing—stage may depend on appropriate 
local concentrations of ECM proteins, autocrine factors (like SF/HGF), or other 
cytokines and growth factors at the epithelial-mesenchymal junction. There are 
complex and intricated interactions between the various effectors: ECM molecules, 
integrins, and ECM degradation enzymes are either up- or downregulated by cy-
tokines; similarly some cytokines upregulate and others downregulate the expres-
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sion of growth factors, which in turn controls the expression of enzymes involved 
in matrix degradation. The production of all these components and of their recep-
tors by the epithelial or mesenchymal cells depend on cell interactions; this par-
tially corresponds to an autocrine loop of control additionnally modulated by the 
other cell present locally, like the inmiunocompetent cells and neurons. Any stage 
of dysregulation in their expression may result in morphological and functional 
alterations. 

Much remains to be done to highlight the nature of the cells and to identify the 
factors involved in the cell interactions allowing the maintenance of an appropriate 
adult morphology and function. Although the concept of the epithelial stem cell 
has been well documented and the crypt cellular and molecular microenvironment 
has been described, the mechanisms involved in the regulation of this peculiar 
epithelial-mesenchymal unit remain obscure. In addition, little is known about the 
biology of the mesenchymal cell compartment: is there a persistent stem cell popu-
lation or do phenotypic changes recorded in pathological stages result from cell 
plasticity? A better understanding of individual mesenchymal cell populations re-
quires the characterization of specific markers and the definition of the basic pro-
duction of the different molecules quoted above as well as of their response to 
cytokines, hormones, regulatory peptides. This information will undoubtly help 
our understanding of normal and pathological cell interactions. Furthermore, the 
use of techniques allowing a tissue- and time-specific knock-out of the potential 
effectors will bring more focused insight into these mechanisms. 
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The primary function of intestine is to digest and absorb various essential nutrients 
into the circulation. The course of this activity has the consequence that the muco-
sal surface extends to the largest area of the body in contact with the external 
environment, and that the intestinal mucosa is exposed to a wide variety of anti-
gens derived from resident and invading microorganisms as well as foods. The 
absorption of these antigens must be limited by a mucosal surface barrier, which 
allows absorption of nutrient molecules. This mucosal barrier is created and main-
tained by the mucosal inmiune defense system, in addition to nonimmunological 
physiological barrier including motility, mucus, and cell turnover (Russell and 
Walker, 1990; Nagura, 1992; Sanderson and Walker, 1994). Through such mecha-
nisms the mucosal immune system contributes to the maintenance of the intestinal 
mucosal milieu and functions, and to the maintenance of overall body metabolic 
integrity. Thus the mucosal immune system, like all other homeostatic systems, is 
necessary to be under neuroendocrine regulation. 

The interaction between the neuroendocrine system and the immune system has 
been recognized for many years, and it has recently become apparent that the 
neuroendocrine system can influence the immune responses, particularly in the 
mucosal immune system (e.g., Roszman et ai, 1985; Stead et al, 1987; Croitoru 
et al, 1990; Befus, 1993; Nagura et al, 1994). Thus, abnormalities of the neuroen-
docrine-immune interactions may be important in disease pathogenesis of im-
mune-inflanmiatory disorders in the intestine, including inflammatory bowel dis-
ease (IBD) and food allergy (Koch et al, 1987; Kubota et al, 1992; Kimura et 
al, 1992; Nagura et al, 1994). The study of the morphologic, pathophysiologic, 
and molecular bases of this interaction has become the subject of intensive re-
search. In this article we will briefly review the information available to date on 
the advance in this field concerning neuroendocrine-mucosal inmiune interaction 
and intestinal immuno-inflammatory disorders. 
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I. T H E I N T E S T I N A L N E U R O E N D O C R I N E 

AND I M M U N E S Y S T E M S 

The intestinal neuroendocrine system consists of an extensive network of the en-
teric nervous system and speciaHzed epithehal endocrine cells, which constitute a 
"diffuse neuroendocrine system" (Gabella, 1970; Ferri et al, 1983; Polak and 
Bloom 1983; Kimura et al, 1994). Although initially only three gastrointestinal 
neuropeptides were recognized, during the past few years a number of new pep-
tides have been discovered and each ascribed to a specific nerve fiber and/or endo-
crine cells (Jaffe, 1979; Croitoru et al, 1990; Pascual et al, 1994). 

A. Mucosal Nerve Networks 

The enteric nervous system is a specialized component of the autonomic nervous 
system with a number of tissue-specific features. The majority of the neurons of 
the mucosal and submucosal plexus contain neuropeptide transmitters, including 
vasoactive intestinal peptide (VIP), substance P (SP), and somatostatin (SOM), 
which are also found in the central nervous system (Table I) (Croitoru et al, 1990; 
Pascual et al, 1994). The density of nerves in the intestinal mucosa is quite enor-
mous. Their distribution is divided into three patterns, i.e., (1) dense networks 
around crypts, (2) along capillaries, and (3) networks without relation to crypts 
and capillaries, but with occasional relation to immune effector cells in the lamina 
propria (Kimura et al, 1994; Nagura et al, 1994) (Fig. 1). According to Ferri et 
al (1983), it has been calculated that the linear density of VIP-containing nerve 
fibers (VIP nerves) in the human intestinal lamina propria is on the order of 30 
m/cm^. The lamina propria is also richly populated with a diffuse collection of 

TABLE I 

DISTRIBUTION OF GUT HORMONES IN THE GASTROINTESTINAL MUCOSA 

Gut hormones 

VIP 
Somatostatin 
Substance P 

Enkephaline 
Neurotensine 
Gastrin 
Serotonin 

Endocrine 
cells 

_ 
D 

EC 

ND 
N 
G 

EC 

Gastric 
body 

_ 
+ 
-

+ 
+ 
-
— 

Localization of endocrine cells 

Gastric 
antrum 

— 
+ 
+ 

+ 
-
+ 
+ 

Upper 
small 

intestine 

— 
+ 
+ 

+ 
+ 
+ 
+ 

Lower 
small 

intestine 

— 
+ 
+ 

+ 
+ 
-
+ 

Large 
intestine 

— 
+ 
-

-
-
-
+ 

Gut 
nerves 

+ 
+ 
+ 

+ 
-
-
-

Central 
nerve 

system 

+ 
+ 
+ 

+ 
+ 
-
-

Note. + , positive, - , negative, ND, not determined. 
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FIGURE I. The distribution of VIP nerves in the intestinal mucosa. They are distributed (1) around 
crypts, (2) along capillaries, and (3) without relation to crypts and capillaries, but with occasional 
relation to inmiune effector cells in the lamina propria. 

lymphocytes, plasma cells, and cells of a monocyte-macrophage lineage (Brandt-
zaeg et al, 1989; Nagura, 1992), and consequently these inmiunocytes are within 
one cell distance of nerve fibers in the lamina propria and can reach close proxim-
ity to nerves by chance alone. Further, their inherent mobility enhances the oppor-
tunity of neural-inmiune interactions, suggesting they are innervated transiently. 
The close approximation between immunocytes and peptidergic nerves suggests 
their intimate cross-communication, and the mucosal localization of neuropeptides 
indicates that their release locally can directly affect the function of epithelial 
cells, vascular endothelial cells, and immunocytes. 

B. Mucosal Endocrine Cells 

Endocrine cells are widely distributed throughout the gastrointestinal mucosa, and 
the gastrointestinal tract has recently been recognized as a major endocrine system. 
Neuropeptides found in the enteric nerves are simultaneously localized in these 
mucosal endocrine cells and central nervous system (Jaffe, 1979; Polak and 
Bloom, 1982) (Table I), that is, neuropeptides in the intestinal mucosa are pro-
duced by nerves and cells belonging to the amine precursor uptake and decarbox-
ylation (APUD) system (Pearse and Polak, 1971). Intestinal endocrine cells are 
usually pyramidal and frequently have long apical processes extending toward the 
lumen of glands (Fujita and Kobayashi, 1977). Ultrastructurally characteristic in-
tracytoplasmic dense-core granules allow for their classification, and some of these 
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granules attach to the basal plasma membrane faced to the basement membrane, 
suggesting a paracrine function (Fig. 2). 

VIP, first identified for its potent vasodilatory properties (Said and Mutt, 1970), 
is not found in the endocrine cells of adult human intestine, but VIP mRNA is still 
localized (Kubota et ah, 1994a). Other possible sources of neuropeptides in the 
intestinal mucosa include cells not normally considered as a part of the nervous 
or APUD systems. Immunocytes have been also shown to synthesize VIP, SP, and 
SOM (O'Dorisio et aU 1980; O'Dorisio, 1986; Pascaul and Bost, 1990). These 
mucosal localizations of neuropeptides suggest that their release locally could di-
rectly affect both epithelial cell and lymphocyte functions, and these findings lead 
us to speculate that the neurohormonal-immune network is functionally bidirec-
tional. 

II . N E U R O P E P T I D E R E C E P T O R S O N I M M U N O C Y T E S 

IN THE I N T E S T I N A L M U C O S A 

When considering the above-mentioned neuroendocrine-immune communication, 
we must examine the distribution of neuropeptide receptors in the intestine. To 
date over 20 neuropeptides and neuroendocrine hormone receptors have been iden-
tified on immunocytes, such as mononuclear and polymorphonuclear leukocytes 
(Bost, 1988; Croitoru et ai, 1990; Pascaul et al, 1994; Kubota et al, 1994b). 
Conversely, several examples of immune modification of neurohormonal elements 
of the central nervous system have been reported. Cells of the mucosal immune 
system must be continuously exposed to locally and systemically derived neuro-
peptides in the microenvironment of the intestinal mucosa. The demonstration of 
neuropeptide receptors on mucosal inmiunocytes supports the notion of the neuro-
endocrine-immune communication in the intestine. 

A. VIP Receptor on Macrophages and Follicular Dendritic Cells 

According to our recent observations, VIP receptor was expressed on follicular 
dendritic cells (FDC) in the germinal center of Peyer's patches and macrophages 
in the intestinal lamina propria (Kubota et ah, 1994a; Nagura et al, 1994) (Fig. 
3). In normal adult human colon, macrophages are distributed in the lamina pro-
pria along the surface epithelial layer, and approximately 60% of these mac-
rophases express VIP receptor. Immunoelectron microscopically, VIP receptor was 
linearly expressed on the plasma membrane of labryrinth-like cytoplasmic pro-
cesses, which are characteristic to FDC. In fetus and neonates, however, VIP re-

FlGURE 2. The distribution (a) and the ultrastructure (b) of intestinal endocrine cells. Intestinal 
endocrine cells are usually pyramidal and frequently have long apical processes extending toward the 
lumen of gland ( ^ ) . They have dense-core granules in the basal cytoplasm, and some of these granules 
attach to the basement membrane ( • " ) . 
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FIGURE 3. Immunohistochemical localization of VIP receptor in the human adult (a) and neonatal 
(b) small intestines. In the adult intestine, VIP receptor is expressed on follicular dendrictic cells in the 
germinal center of Peyer's patches (H«) and macrophages in the lamina propria ( • ) . In the neonatal 
intestine, however, VIP receptor is absent in these cells. 
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ceptor was absent in these cells despite the presence of VIP nerves and VIP endo-
crine cells in the intestinal mucosa, and became positive following the appearance 
of IgA plasma cells in the lamina propria when the mucosal immune system ma-
tured. 

It has been well documented that neuropeptides modulate a variety of macro-
phage functions (Morley et al, 1987; Zwilhng, 1994), as shown in Table II. VIP 
and opioids, for example, mainly suppress, and substance P and neurotensin upreg-
ulate or activate these functions (Foris et al, 1984; Hartung, 1988; Lotz et al., 
1988; Segura et al., 1992). Thus, VIP participates in the regulation of mucosal 
immune responses through macrophages and FDC under physiological conditions; 
that is, it is obvious that VIP must modulate T- or B-cell functions via macro-
phages and FDC, where VIP receptor is expressed. 

B. Neuropeptide Receptors on Lymphocytes and Epithelial Cells 

Direct neuropeptide modulation of T- and B-lymphocyte functions has been also 
reported. According to Stanisz et al (1986), VIP inhibited the level of IgA in the 
culture supernatant of Peyer's patch cells. By contrast, SP enhanced the level of 
IgA in similar cultures. Furthermore, receptors for VIP and SP have been found 
on both T and B lymphocytes (Croitoru et al, 1990; Pascaul et al, 1994). Al-
though the role of neuropeptide receptors on T lymphocytes has been less well 
studied than that of B lymphocytes, Ottaway (1984) reported that preincubation of 
the T lymphocytes with VIP decreased the rate of entry of cells into Peyer's 

TABLE II 

EFFECT O F NEUROPEPTIDE ON MACROPHAGE FUNCTION 

Neuropeptide Effect on macrophage 

VIP Suppresses macrophage function 
Stimulates increase in cAMP 
Inhibits respiratory burst 

Stimulates phagocytic function through PKC activation 
Substance P Is a macrophage activator 

Stimulates phagocytosis and respiratory burst 
Enhances IL-1 and TNFa production 

Neurotensin Stimulates macrophage activity 
Stimulates phagocytosis and cytokin production 
Augments tumor cell killing 

Opioids Suppresses macrophage function 
Decreases phagocytosis and respiratory burst 
Reduces HLA-DR expression 

Growth hormone Is a macrophage activator 
Augments O2 production 
Activates phagocytosis and microbial killing 
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patches and mesenteric lymph nodes in vivo. This suggests that VIP has an im-
portant regulatory effect on the traffic of lymphocytes into tissues (Ottaway, 1984), 
and the potential regulation of lymphoid cell migration by the neuropeptide could 
provide an important mechanism by which immune function may be cordinated 
with other neurophysiological controls. In addition, Croitoru et al (1990) reported 
the SP-stimulation of natural killer activity by murine intraepithelial lymphocytes, 
a T-cell population with diverse cytotoxic ability (London, 1994). 

Limited papers are also available on the effect of neuropeptide receptors on 
intestinal epithelial cells. One study assessed the contribution of neuropeptides to 
secretory component (SC) secretion by epithelial cells, and proved that VIP was 
effective in stimulating SC release (Kelleher et al, 1991). VIP was also shown to 
be a potent stimulant of intestinal secretion (Jaffe, 1979). These findings suggest 
the presence of VIP receptor on enterocytes. 

I I I . M U C O S A L I M M U N E R E S P O N S E S A N D T H E 

H Y P O T H A L A M I O - P I T U I T A R Y - A D R E N A L A X I S 

The physiologic responses to psychological stressors are known to be mediated by 
either the autonomic nerve system, including neuropeptide-containing nerves, or 
the hypothalamic-pituitary-adrenal (HPA) axis. There is growing evidence that a 
cascade of hormones in response to a variety of stimuli to the hypothalamus have 
immune effects as well (Berczi, 1991; Gaillard, 1994). Glucocorticoids, for exam-
ple, exert a negative control over the secretion of peptides from both the HPA axis 
and the immune system. Inflammatory cytokines have also been shown to modu-
late HPA axis acting at all three levels, hypothalamus, pituitary gland, and adrenal 
gland. IL-1 and IL-6 stimulate hormone secretion of the PHA axis at all three 
levels, whereas tumor necrosis factor (TNF) inhibits adrenocorticotropic hormone 
(ACTH) release, aldosteron synthesis, and ACTH-induced corticosteron secretion 
(Gaillard, 1994; Zwilling, 1994). 

A. HPA Axis and Intestinal Leukocytes 

The profound influence of steroid hormones on lymphoid tissues was first shown 
by Selye in 1936, and ACTH and corticosteron were the first therapeutic agents 
capable of relieving the symptoms of immunoinflammatory diseases. ACTH has 
an anti-inflammatory and immunosuppressive effect, which can be reproduced by 
the administration of glucocorticoid. Such an ACTH effect is found to be infective 
in adrenolectomized animals (Berczi, 1991). Glucocorticoid, however, influences 
leukocyte recirculation by causing neutrophilia, with concomitant decrease of lym-
phocytes and monocytes by acting on the vascular endothelium (Chung et al, 
1986). 

The HPA axis regulates macrophage function by producing a cascade of hor-
mones in response to a variety of stimule (Zwilling, 1994), and activation of the 
HPA axis suppresses the major histocompatibility complex (MHC) class II antigen 
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expression by macrophages by preventing MHC class II transcription, and also 
inhibits phagocytosis and antitumor activity. The suppression coincides with peak 
levels of plasma corticosteron. 

B. HPA Axis and Intestinal Epithelial Cells 

Villous epithelial cells of the small intestine are always positive for MHC class 
II antigens as shown in macrophages (Nagura et al, 1991). Under physiological 
conditions, however, crypt epithelial cells of the small intestine and those of the 
colonic gland do not express MHC class II antigens. In actively inflamed lesions 
of ulcerative colitis, MHC class II antigen is induced to express on the colonic 
epithelial cells (Matsumoto et al, 1989), and this expression is reported to be 
induced by cytokines such as interferon-y secreted by activated macrophages. The 
activation of the HPA axis suppresses such activated macrophage function, and 
results in suppressing inflammation (Zwilling et al, 1990; Zwilling, 1994). 

Aldosterone, of which secretion is influenced by TNF from activated macro-
phages, plays a role in the regulation of aldosterone-sensitive sodium transport 
and water absorption by the human proximal, colon and these epithelial cells con-
stitutively express receptor for aldosterone (Fukushima et al, 1991). 

Figure 4 is a schematic illustration of the neuroendocrine-immune network. 
Psychological stresses activate the HPA axis followed by the modulation of im-
muno-inflammatory responses. 

rv. I N T E S T I N A L I N F L A M M A T I O N A N D A B N O R M A L 

N E U R O H O R M O N A L R E G U L A T I O N O F M U C O S A L 

I M M U N E R E S P O N S E S 

In the normal intestinal mucosa, significant numbers of VIP and SP nerves are 
intimately associated with glands, blood vessels, and immune effector cells (Ki-
mura et al, 1994; Nagura et al, 1994), on which receptors for these neuropeptides 
have been found (Bost, 1988; Croitoru et al, 1990; Pascaul et al, 1994; Kubota 
et al, 1994a). Degenerative and proliferative changes in neuropeptide-containing 
enteric nerves are consistent features of the pathology of the inflammatory bowel 
disease (IBD), ulcerative colitis, and Crohn's disease (Koch et al, 1987; Kubota 
et al, 1992; Kimura et al, 1994), and delayed expression of these receptors on 
mucosal immune effector cells of infants influence the responsiveness of macro-
phages to food and microbial antigens and to develop influenced allergic disorders 
in the intestinal mucosa. 

A. Inflammatory Bowel Disease 

Ulcerative colitis, for example, is known as an idiopathic chronic inflammatory 
disease of the intestinal mucosa, and characterized by prolonged clinical course 
and inflammation (MacDermott and Stenson, 1988). Degeneration and subsequent 
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FIGURE 4. Schematic illustration of neuroendocrine-immune network. Psychological stresses acti-
vate the HPA axis. This activation suppresses immune/inflammatory reaction mediated by a cascade of 
hormones produced by endocrine organs in the HPA axis. Stresses on the hypothalamus also modulate 
the function of immunocytes by neuropeptides such as VIP. In the opposite direction, immuno/inflam-
matory responses stimulate the HPA axis via stimulation of a cascade of inflammatory cytokines. 

absence or proliferation of nerves in the inflammatory mucosal lesions have been 
demonstrated by the immunohistochemical technique (Koch et al, 1987; Kubota 
et al, 1992; Kimura et al, 1994). In the hypervascular areas of inflamed mucosa 
of ulcerative colitis patients, increasing VIP and SP innervations are observed 
along the proliferating, dilated, venule-like blood vessels, and in severe inflamma-
tory lesions, both nerves decrease, and are almost absent around crypt abscess. 

These findings show that enteric nerves degenerate in the severely inflamed 
mucosa, and subsequently regenerate or proliferate simultaneously with the regen-
eration of structural components of the intestinal mucosa, such as blood vessels 
and glands. In contrast, increased concentration of immunoreactive SP and also j8-
endorphin, a neuropeptide found in the colonic mucosa, have been described in 
the colonic mucosa with chronic persistent states of ulcerative colitis (Goldin et 
al, 1989). This may cause the persistence of inflammation in the colonic mucosa. 

We postulate that the loss and/or abnormality of neuropeptide innervation is a 
result of inflammatory damage to enteric nerves and that it may contribute to the 
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disorder of mucosal immunoregulation (Kimura et al, 1994; Nagura et al, 1994). 
Following this loss of neuroimmune regulation, inflammation may become more 
pronounced, resulting in further neuronal and other tissue damages. 

B. Infantile Enteropathy 

The appearance of VIP receptor on macrophages and FDC and the disappearance 
of VIP endocrine cells are closely related to the maturity of the mucosal immune 
system, similar to IgA plasma cell appearance in the intestinal lamina propria 
(Kubota et al, 1994a,b; Nagura et al, 1994) and disappearance of secretory IgA 
binding to the jejunal villous epithelium and Fc-mediated IgG uptake, which are 
characteristic features of neonate before the mucosal immune system matures (Na-
gura et al, 1978) (Table III). 

Delayed-type hypersensitivity in the infantile intestinal mucosa is characterized 
by a infantile enteropathy, and immaturity or certain regulation abnormalities of 
the mucosal immune system are shown to be important in the pathogenesis (Jack-
son et al, 1983). As mentioned previously, VIP is involved in the regulation of 
mucosal immune responses, and their regulation abnormalities cause various intes-
tinal disorders. In infants of atopic dermatitis with food allergy (Sampson, 1989), 
although macrophages and FDC in the intestinal lamina propria have already ap-
peared, VIP receptor is not expressed on these immunocytes, and VIP does not 
bind on them (H. Nagura, M. Kubota, and N. Kimura, unpublished data). In the 

TABLE III 

DEVELOPMENTAL ASPECTS O F NEUROHORMONAL REGULATION ON 

THE IMMUNOLOGIC FUNCTION O F THE HUMAN INTESTINE 

Lamina propria 
IgA plasma cell 
Macrophage, FDC 
VIP receptor (macrophage, FDC) 
VIP nerve 

Epithelium 
SC synthesis (crypts, viUi) 
HLA-DR expression (villi) 
S-IgA binding (villi, jejunum) 
IgG uptaking (villi, jejunum) 
(Fc receptor-mediated) 
VIP edocrine cell 

Neonates 

-
+ 
-
+ 

+ 

-
+ 
+ 

+ 

Children/adults 

+ « 
+ 
+ 
+ 

+ "" 
+ 
-
_b 

-(mRNA+) 

Note. +, positive; ± , weakly positive; —, negative. 
^SC-mediated S-IgA transport. 
* Closure. 
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TABLE IV 

EXPRESSION O F VIP RECEPTOR AND F O O D ALLERGY 

VIP 
nerve 

VIP receptor 

M(/) FDC 

Benign rectal bleeding 
Atopic dermatitis (rectal biopsy) 
Ulcerative colitis (children) 
Age-matched healthy controls 

+ 
+ 
+ (i) 
+ 

-(T) 
+ (T) 
+ 

+ 
+ 

Note. T, increased number; i, decreased number. 

same aged infants, VIP receptor is demonstrated on macrophages and FDC simul-
taneously with the occurrence of IgA plasma cells in the lamina propria. 

The correlation between the expression of VIP and VIP receptor and the intesti-
nal inflammatory disorders is summarized in Table IV This shows that the distri-
bution abnormalities of VIP receptor and/or its ligand may cause and maintain the 
immunoregulatory disorder of the mucosal immune system. 

V. C O N C L U S I O N 

We have provided here evidence for the existence of a communication network 
between the neuroendocrine and mucosal immune systems. Neuropeptides and cy-
tokines are regarded as rapid modulators of neuroendocrine and immunoinflam-
matory mechanisms, and the shared expression of their receptors by elements of 
both systems supports the existence of neuroendocrine-mucosal immune interac-
tions (Fig. 5). AbnormaHties of such interactions are important in the disease 

^ / 

Neurohormonal System 

ACHT 

VIP, SP 

\ \ 
Immune System 

\ \ 
interleukins 

interferon Cytokines 
TNF 

/ / 

• synthesis 

• M H ^ functioning 

FIGURE 5. Schematic illustration of the cross-talk between neurohormonal and immune systems. 
The conmiunication network between two systems is mediated by hormones and cytokines. 
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pathogenesis of immuno-inflammatory disorders in the intestine, including IBD 
and food allergy. 
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I. I N T R O D U C T I O N A N D B A R R I E R F U N C T I O N O F IgA 

The epithelial cells lining a mucous membrane form a barrier that separates the 
interior of the body from the external environment. Therefore, antibodies in the 
mucosal secretions, principally IgA, have an opportunity to interact with antigens 
of microbes, food, and inhaled substances while they are external to the body 
proper and in this way keep foreign matter from entering tissues. This immune 
exclusion or barrier function of secretory IgA has been appreciated for some time 
and forms much of the rationale behind the expanding efforts to develop vaccines 
that are geared to stimulating secretory rather than serum antibodies. 

Although the immune exclusion function of secretory IgA has long been ac-
cepted, it is only recently that experimental systems became available to prove it. 
Under natural conditions of infection or following deliberate immunization, the 
immune response is always heterogeneous and includes multiple isotypes of anti-
body as well as cellular immunity. Immune responses limited to the production of 
IgA antibodies are never observed. Thus, assignment of an immune barrier func-
tion to IgA antibodies in the mucosal secretions was based largely on correlations 
between resistance to infection and the time course and quantitative dominance of 
antibodies of the IgA isotype (Lamm, 1976; Mestecky and McGhee, 1987) and on 
studies in vitro showing that IgA antibodies can inhibit bacterial adherence to 
epithelial cells (Svanborg-Eden and Svennerholm, 1978; Williams and Gibbons, 
1972). The possibility of proving that lumenal IgA antibodies are truly capable of 
mediating immune exclusion arose when methods were developed for producing 
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IgA monoclonal antibodies, e.g., by emphasizing the lymphoid tissue associated 
with the gut to enhance the frequency of B cells making IgA antibodies when 
immunizing mice prior to preparing hybridomas. With IgA monoclonal antibodies 
having specificity for microbial pathogens in hand, it then became possible to test 
experimentally by means of passive immunization whether lumenal IgA antibody 
as the only immunological effector was indeed capable of preventing infection 
when given to mice that were subsequently challenged with the pathogen. 

Our own studies to address this question used Sendai virus, a parainfluenza 
virus that is a natural respiratory pathogen of rodents. We showed that IgA mono-
clonal antibodies with specificity for the viral hemagglutinin, an envelope protein, 
were capable of inhibiting infection if placed in the respiratory tract (Mazanec et 
al, 1987). Work by others (Renegar and Small, 1991; Weltzin et al, 1994) in the 
respiratory tract with influenza and respiratory syncytial virus and in the intestinal 
tract with several bacterial pathogens (Apter et al, 1993; Czinn et al, 1993; Mi-
chetti et al, 1992) also demonstrated that IgA antibodies can inhibit mucosal in-
fection. The inference from these experiments is that a small, preexisting quantity 
of specific IgA antibody in the mucosal secretions should be capable under natural 
conditions of preventing or mitigating infection by a microbial pathogen since the 
quantities of infectious agents to which individuals tend to be exposed are rela-
tively small. Effective amounts of such preexisting secretory IgA antibodies could 
be present as a result of prior infection or deliberate immunization with the same 
or a related agent. 

The cited studies of passive immunization with IgA monoclonal antibodies em-
phasize the point that preexisting IgA antibodies in the mucosal secretions can 
indeed prevent infection. If, however, there is insufficient secretory IgA antibody 
to prevent infection, does this imply that IgA has little further to offer in the way 
of host defense? In this regard, our recent studies suggest to the contrary that as 
mucosal IgA antibodies begin to be formed during the course of an infection, they 
may be able to contribute to recovery in two ways. First, we shall consider the 
possibility that IgA antibodies can neutralize intracellular pathogens inside epithe-
lial cells. Then we shall discuss an excretory function for IgA. These possibilities 
arise from the natural route by which newly synthesized mucosal IgA reaches the 
secretions. 

IgA is the main isotype of antibody in the external secretions for two reasons: 
the overwhelming majority of the abundant plasma cells in the lamina propria of 
mucous membranes make IgA and the epithelial cells lining mucous membranes 
express on their basolateral surface a receptor, the polymeric Ig receptor, that is 
specific for oligomeric IgA, and also IgM, a pentameric Ig (Lamm, 1976; Mes-
tecky and McGhee, 1987). IgA secreted from local plasma cells can bind to the 
polymeric Ig receptor. The complex is then endocytosed into the epithelial cells 
and passes via vesicles to the apical surface, where proteolytic cleavage splits the 
polymeric Ig receptor at the junction of its extracellular and transmembrane do-
mains such that the former domain, together with its bound IgA, is released into 
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the secretions as secretory IgA (Mostov, 1994; Solari and Kraehenbuhl, 1985). 
Thus, secretory IgA consists of a molecule of oligomeric IgA coupled to the extra-
cellular domain of its receptor. 

II . I N T R A E P I T H E L I A L N E U T R A L I Z A T I O N O F V I R U S E S 

It occurred to us that IgA antibodies, during their transport across epithelial cells, 
might be able to neutralize viruses that were infecting the cells by an intracellular 
action. We decided to test this possibility experimentally. Our initial studies were 
carried out in vitro with polarized monolayers of epithelial cells that synthesize 
and express the polymeric Ig receptor. When grown on permeable membranes the 
cells retain their apical to basal polarity, and diffusion of molecules between adja-
cent cells is prevented by their tight junctions. Such polarized cell monolayers 
model a mucosal epithelium and offer a good system for testing whether IgA 
antibodies and viral components can meet intracellularly and whether this can lead 
to neutralization of virus. 

In this system we have worked with two viruses, Sendai and influenza (Maza-
nec et al, 1992, 1995a). If the cells are infected from above and monoclonal IgA 
antibodies against envelope protein are introduced below the monolayer, two-color 
immunofluorescence demonstrates that antibody and viral protein colocalize (Table 
I). Moreover, if virus is quantified in the fluid above the monolayer and in cell 
lysates, it can be demonstrated that specific oligomeric IgA antibody inhibits the 
production of virus. The specificity of the virus neutralization is demonstrated by 
controls in which specific oligomeric IgA monoclonal antibody is compared with 
irrelevant oligomeric IgA antibody (which can be taken up by the epithelial cells 
but fails to neutralize virus and is not held by viral antigen so as to be visible by 

TABLE! 

SUMMARY O F INTRACELLULAR VIRUS NEUTRALIZATION EXPERIMENTS" 

Virus 

Yes 
Yes 
No 
Yes 

Antibody 

Specific oligomeric IgA 
Irrelevant oligomeric IgA 
Specific oligomeric IgA 
Specific IgG 

Neutralization 
of virus 

Yes 
No 
No 
No 

Ig visualized 

Yes 
No 
No 
No 

"Epithelial monolayers were infected with Sendai or influenza virus from above and ex-
posed to monoclonal antibodies from below. Specific antibodies are to envelope protein. 
Subsequently, virus was quantified and Ig was examined by immunofluorescence. Only 
specific oligomeric IgA antibody neutralizes virus, and only this antibody in infected cells 
is sufficiently retained intracellularly to be observed by immunofluorescence. Although 
irrelevant oligomeric IgA is transcytosed under these conditions, it is not held up by the 
viral antigen in infected cells so as to be demonstrable by immunofluorescence. 
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immunofluorescence) and with anti-viral monomeric IgA or IgG (which, although 
specific, cannot neutralize virus because they have no affinity for the polymeric Ig 
receptor and are therefore incapable of being endocytosed). 

In addition to in vitro evidence of the sort just described, we also have evidence 
that IgA antibodies can neutralize virus inside mucosal epithelial cells in vivo. For 
example, we have compared the efficacy of intravenously injected IgA and IgG 
monoclonal antibodies to the same envelope protein of Sendai virus in conferring 
resistance to mice challenged with virus in ;:he respiratory tract. Even though the 
serum antibody levels of the IgA and IgG antibodies were comparable and IgG, 
being smaller than oligomeric IgA, should diffuse more easily out of the blood-
stream into respiratory tissue, the IgA antibodies were more effective in fighting 
infection (M. B. Mazanec, M. E. Lamm, J. G. Nedrud, and C. S. Kaetzel, unpub-
lished results). We believe that these preliminary results support the idea that the 
IgA antibodies were more effective because those that did get into respiratory 
tissues were, unlike the IgG antibodies, capable of being taken up by receptor-
mediated endocytosis into the epithelial cells lining the upper respiratory tract 
where they could inhibit virus. 

Although, as discussed above, we believe we have good evidence that IgA 
antibodies can inhibit virus production in epithelial cells by acting intracellularly, 
we do not know exactly where the antibody is acting. The concept of intracellular 
neutralization of virus by IgA antibody obviously requires that at some point in 
transcytosis of IgA across the epithehal cell following its internalization via the 
polymeric Ig receptor, some of the antibody has access to its particular antigen at 
a locus in the cell that is involved in the virus life cycle. In theory, endocytosed 
IgA antibody specific for a viral component could meet its antigen at a number of 
cellular sites depending on the particular virus and its life cycle and on the speci-
ficity of the antibody. For example, replication of virus could be inhibited: at the 
stage of virus entry at the plasma membrane of the epithehal cell; at the time of 
uncoating; at the sites of synthesis, processing, or export of envelope protein; 
during the synthesis of components of the nucleocapsid; or at the time of assembly 
or release from the cell. If the antibody is specific for an envelope protein, then a 
likely site is the secretory pathway for export of newly synthesized cellular glyco-
proteins or final assembly of the virus at the cell membrane. If the antibody is 
specific for an internal component of the virus, it could potentially act at the 
cytoplasmic site of synthesis of the viral core or at final assembly. Preliminary 
studies suggest that IgA antibodies against viral nucleoproteins may be able to 
inhibit virus production but are less efficient than antibodies against envelope pro-
teins (Mazanec et al, 1995b). 

Although the details of the life cycles of many viruses are well understood, the 
same is not yet true for the epithelial transcytosis of IgA. It is accepted that after 
its intemahzation at the basolateral surface of the cell, IgA is transported inside 
vesicles. A simple model is that the original endocytotic vesicle moves to the apex 
of the cell, fuses with the apical plasma membrane, and releases its IgA after 
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cleavage of the polymeric Ig receptor. However, recent data indicate that the pro-
cess is more complicated and that vesicular exchange takes place between a sys-
tem of basolateral early endosomes and apical recycling endosomes, which may 
be a particularly important locus for protein sorting (Apodaca et al, 1994). Such 
interactions might well allow at least some of the vesicles transporting IgA to have 
an opportunity to fuse with other vesicles that are involved in the production, 
transport, or assembly of viral components. This kind of interaction is especially 
likely in the case of viral envelope glycoproteins, which pass through the Golgi 
and trans-Golgi network and may well intersect endosomes (Volz et al, 1995). 
Moreover, it is consistent with the immunofluorescence data showing colocaliza-
tion of envelope protein and IgA antibody (Mazanec et al, 1992, 1995a). If fusion 
of vesicles in the secretory pathway with vesicles transcytosing IgA is indeed a 
mechanism of virus neutralization, such vesicular fusion could be typical of trans-
cytotic vesicles in general, an offshoot of the main transcytotic pathway, or charac-
teristic of particular proteins or cells such that some of the IgA being transcytosed 
meets components of a virus that happens to be infecting the cell. 

Regardless of the true site(s) and mechanism(s) of intracellular neutralization 
of viruses by IgA antibody within epithelial cells, if the phenomenon should prove 
to be a mechanism of host resistance to infection in vivo, it would be a notable 
exception to the long-established rule that immune-mediated resistance to intra-
cellular pathogens depends on cell-mediated immunity (T cells, NK cells) and that 
humoral antibodies are ineffective once pathogens are inside cells. Instead, by 
inhibiting intracellular pathogens within cells (at least in the special case of epithe-
lial cells that express polymeric Ig receptor), IgA antibodies as well as cell-medi-
ated immune mechanisms could play a role in recovery from infection. 

II I . E X C R E T O R Y F U N C T I O N O F IgA 

Thus far we have considered IgA's function in host defense in two contexts, within 
the mucosal secretions and within the epithelial lining of mucous membranes. 
There is yet a third locus where we believe IgA can serve in protection of the host, 
namely the extracellular space of the mucosal lamina propria, which comprises the 
layer of loose connective tissue underlying the epithelial basement membrane. 
Here the extracellular fluid has a high content of IgA secreted by the abundant 
local plasma cells. This is the source of the IgA that eventually reaches the secre-
tions. However, we believe this IgA can begin to function in host defense even 
before it reaches the epithelium and the secretions by combining with antigens in 
the lamina propria. This possibility arises because intact or partially degraded anti-
gens that are inhaled or ingested or are derived from the intestinal microflora can 
to some extent cross the mucosal lining (Husby et al, 1985; Paganelli et al, 
1981), as can microorganisms during inapparent or cHnically apparent infections 
(Jones et al, 1994; Takeuchi, 1967; Wolf et al, 1981). Locally produced specific 
IgA antibodies can then be expected to bind to these antigens. We believe that IgA 
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immune complexes formed in this way in the lamina propria are an ongoing occur-
rence, which is magnified during mucosal infections. 

The question of the fate of such locally formed immune complexes then arises. 
Although some of them could be absorbed into the systemic circulation, we be-
lieve the majority are instead efficiently transported directly through the mucosal 
epithelium by the identical mechanism utilized by free oligomeric IgA. The IgA 
portion of the complex binds to the polymeric Ig receptor and the transport process 
across the epithelium works the same regardless of whether or not the Fab portions 
of the IgA are occupied by antigen. Functioning in this way, mucosal IgA is in 
effect serving as an excretory antibody to eliminate antigens from the body. In a 
sense, IgA antibodies in the lamina propria can provide a second layer of immune 
exclusion to back up the primary immune exclusion barrier in the lumen. This 
second barrier can reduce the body's burden of immune complexes by preventing 
their access to the systemic circulation. A particular advantage for having the IgA 
isotype play this excretory role is that it is relatively noninflanmiatory (Pfaffen-
bach et al, 1982). Thus, abundant immune complexes can be formed within mu-
cosal tissues as a regular event without instigating an adverse inflammatory reac-
tion, as would be the case if the complexes were formed with IgG, IgM, or IgE 
antibodies. 

The ability of IgA antibodies to transport antigens across epithelial cells from 
basal to apical can be readily demonstrated experimentally in the same two-cham-
ber polarized epithelial monolayer system that was used to study intracellular neu-
trahzation of viruses by IgA (Kaetzel et al, 1991, 1994). If soluble immune com-
plexes containing specific oligomeric IgA antibody are placed below the 
monolayer, the immune complexes are soon detectable within the epithelial cells 
and subsequently in the fluid bathing the apical epithelial surface (Table II). If, on 
the other hand, the antibody in the immune complexes is monomeric and hence 

TABLE 11 

TRANSPORT O F IMMUNE COMPLEXES ACROSS 

EPITHELIAL MONOLAYERS'* 

Immune complex Transport 

Ag + oligomeric IgA Yes 
Ag +monomeric IgA No 
Ag + IgG No 

^Soluble, radioactive immune complexes placed below 
polarized epithelial monolayers were tested for trans-
port into the fluid above the cells. Transport occurs 
when the antibody is oligomeric IgA, which can bind 
to the polymeric Ig receptor. 
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unable to bind to the polymeric Ig receptor, the complexes are not transported. 
However, mixed complexes in which monomeric and oligomeric antibody are 
bound to the same molecule of multivalent antigen are transported (Kaetzel et ah, 
1994). The determining factor for transport of an immune complex is thus the 
presence of an oligomeric antibody molecule; other molecules bound to it will 
also be transported regardless of whether the binding is direct, as with a molecule 
of antigen, or indirect, as with a molecule of monomeric antibody also bound to 
the same molecule of antigen. The transported immune complexes remain intact, 
with little evidence of degradation during passage through the cells. 

In addition to this in vitro evidence, we also have preliminary evidence from 
studies in vivo in mice that IgA immune complexes in the intestinal lamina propria 
can be transported through the epithelium. In these experiments mice are immu-
nized to a foreign protein via the gastrointestinal tract to induce a mucosal IgA 
antibody response. Subsequently a bolus of antigen is given intestinally or system-
ically, after which antigen can be visualized immunohistochemically in small in-
testinal crypt cells, which transport IgA, but not in small intestinal villus cells, 
which do not transport IgA as well. The interpretation is that immune complexes 
formed in the intestinal mucosa and containing IgA antibody are being excreted 
through the crypt cells. 

IV. C O N C L U S I O N S 

For IgAs role in mucosal defense we envision a three-tiered system (Fig. 1). First, 
IgA antibodies in the lumenal secretions act as an initial immune exclusion barrier 
to help keep antigens from attaching to and penetrating the mucosal epithelium. 
Such antibodies in the lumen would be particularly adept at preventing infection. 
When protective mechanisms are insufficient, however, a mucosal infection can be 
established, in which case one would expect an antibody response to ensue. If the 
pathogen is still present as IgA antibodies begin to be formed locally, then the 
second and third levels of IgA defense function can begin to operate. In the case 
of intracellular pathogens like viruses or invading bacteria, intraepithelial cell neu-
tralization could take place. If microbial pathogens have penetrated all the way 
into the lamina propria, they or their antigens can form immune complexes with 
IgA antibodies. Such complexes can then be excreted through the mucosal epithe-
lium into the lumen. IgA antibodies functioning in these ways at the second and 
third levels of mucosal defense can thus help in recovery from infection. In this 
light the significance of IgA in host defense extends well beyond the traditional 
view of a lumenal barrier for helping to prevent infection. We believe that the 
expanded view of IgAs potential functions in mucosal defense presented here 
lends further support to the importance of developing vaccines that are capable of 
stimulating potent, long-lasting IgA antibody responses to microbial pathogens that 
enter through or infect mucous membranes. 
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IgA (+Ag) -> IgAIC 

t 
LUMEN 

Ep 

LP 

^ IgA (+Ag) -> IgAIC 

FIGURE 1. The three levels where mucosal IgA is proposed to function in host defense are illustrated 
in this diagram of a lining epithelium. IgA is secreted from plasma cells in the lamina propria. In cell 
A, after entry by receptor-mediated endocytosis, IgA is transported in vesicles through the cell into the 
lumenal secretions, where it has an opportunity to complex antigens. In cell B, which is infected by a 
virus, it is suggested that vesicles transcytosing IgA can fuse with vesicles leaving the Golgi and 
containing newly synthesized virus protein (indicated by the *), allowing intracellular neutralization of 
the virus by specific antibody. In cell C, IgA antibody-antigen complexes that were formed in the 
lamina propria are internalized and transported to the lumen in similar fashion to free IgA in cell A. 
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I. I N T R O D U C T I O N 

More than 30 years ago, antigenic differences between serum IgA and secretory 
IgA (S-IgA) led to the discovery that S-IgA contained an additional polypeptide 
chain of approximately 70 kDa, which has come to be called secretory component 
(SC) (Hanson, 1961; Tomasi et al, 1965). It was subsequently found that IgM 
was also associated with SC in mucosal secretions (Thompson, 1970; Brandtzaeg, 
1975; Arnold et al, 1977). In 1974, Brandtzaeg demonstrated that antisera raised 
against SC stained the basolateral plasma membranes of epithelial cells in mucosal 
tissues, leading to the hypothesis that SC served as a receptor for polymeric immu-
noglobulins (Brandtzaeg, 1974). This hypothesis at first seemed paradoxical. How 
could a soluble protein function as a receptor? And why was SC membrane-bound 
in epithelial cells but freely soluble in secretions? These questions were resolved 
when Mostov and co-workers used anti-SC antisera to immunoprecipitate in vitro 
translation products of rabbit liver mRNA, demonstrating that SC was synthesized 
as a larger precursor form (Mostov et al, 1980). Furthermore, translation in the 
presence of microsomal membranes revealed that this precursor was indeed an 
integral membrane protein with a protease-accessible cytoplasmic domain of ap-
proximately 15 kDa and was capable of binding dimeric IgA in vitro. The precur-
sor-product relationship between this larger transmembrane form and soluble SC 
was directly demonstrated by pulse-chase analysis in metabolically labeled HT-29 
cells (Mostov and Blobel, 1982), rabbit mammary lobules (Kuhn and Kraehen-
buhl, 1982), and rat liver (Sztul et al, 1985). This transmembrane protein has 
been variously referred to as membrane secretory component (mSC), transmem-
brane SC (tmSC), and the more descriptive polymeric immunoglobulin receptor 
(pIgR). 
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The complex cellular itinerary of the pIgR was first elucidated by Sztul and co-
workers in rat liver, and has since been found to be similar in other tissues and 
cultured cells (Fig. 1). Newly synthesized receptors are transported to the basolat-
eral cell surface (sinusoidal membrane in hepatocytes) where ligand is bound. It 
should be noted that all subsequent transport processes occur independently of 
receptor occupancy. Receptor/ligand complexes (or unoccupied receptors) are then 
rapidly internalized in clathrin-coated pits and enter an acidic endosomal compart-
ment, along with other receptors and their respective ligands. In the relatively low 
pH of this compartment (pH 6.0-6.5) many ligands dissociate from their receptors; 
however, IgA remains tightly bound under these conditions. Ultrastructural studies 
have revealed that the pIgR becomes sequestered in a subcompartment of the 
endosome, where it is packaged into transcytotic carrier vesicles (Geuze et al, 
1984). Transport of these vesicles to the apical cell surface (bile canaliculus in 
hepatocytes) appears to be facilitated by microtubules, as treatment of cells with 
nocodazole or other microtubule-depolymerizing agents substantially inhibits 
transport (Breitfeld et al, 1990; Hunziker et al, 1990). At some point during the 
transport process, a disulfide bond forms between the receptor and one of the IgA 
monomers, linking them covalently. Upon arrival at the apical plasma membrane, 
the extracellular domain of the receptor is proteolytically cleaved, producing SC 
which, along with bound IgA, is released into secretions. 

II. S T R U C T U R E O F T H E pIgR 

A. Ex:todoinain 

The primary structure of the pIgR has been determined by cDNA cloning and/or 
direct protein sequencing from rabbit (Mostov et al, 1984), rat (Banting et al, 
1989), human (Eiffert et al, 1984; Krajci et al, 1989), bovine (Kulseth et al, 
1995), and murine (Piskurich et al, 1995) sources. The receptors from all five 
species are approximately 65% homologous, although higher degrees of homology 
are observed in regions with conserved function (Piskurich et al, 1995, see be-
low). As predicted by the biochemical data, the receptor consists of a single trans-
membrane protein of 750-755 amino acids, with a single transmembrane domain 
(Fig. 2). A member of the immunoglobulin superfamily, the extracellular, ligand-
binding domain consists of five Ig-like subdomains, the first four of which are 
similar to Ig variable regions and the fifth to Ig constant regions (Mostov et al, 
1984). Interestingly, in the species for which genomic sequence has been deter-
mined, each of the Ig domains is encoded by a single exon, except for domains 2 
and 3, which are contained within a single large exon (Deitcher and Mostov, 1986; 
Krajci et al, 1992). In rabbits, this large exon can be removed by alternative 
splicing, giving rise to a small form of the receptor that retains a high affinity for 
IgA (Deitcher and Mostov, 1986). 
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FIGURE 1. Intracellular transport of the pIgR in epithelial cells. The receptor is designated by a thick 
black line, exocytic vesicles by open circles, transcytotic vesicles by shaded ones. Two pathways to 
the apical surface are shown, one direct and one via apical endosomes. Experimental evidence exists 
for both hypotheses. 

Ig domains are characteristically composed of two antiparallel j8 sheets, con-
nected and stabilized by a disulfide bond (Williams and Barclay, 1988). This char-
acteristic "long" disulfide bond links cysteine residues that are 62-70 amino acids 
apart in the linear sequence, but brought into close proximity by protein folding. 
In addition, computer modeling has suggested that many of the Ig-like domains 
contain "short" disulfide bonds, where the participating cysteines are separated by 
6-9 residues (Eiffert et al, 1984). These shorter bonds are conserved in domains 
1 and 5 in all species but their presence in domains 2, 3, and 4 is more variable 
(Piskurich et al, 1995). Moreover, domain 5 contains a conserved "extra" disulfide 
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cleavage to SC 
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FIGURE 2, Domain organization of the plgR. The extracellular domain contains five immunoglobu-
lin-like domains (shaded ovals). Each Ig domain is contained on a separate exon, except domains 2 
and 3 which are on a single large exon, which can be excised by alternative splicing in rabbits. 
Cleavage to SC occurs in the stalk domain connecting the SC portion to the membrane. The plasma 
membrane is represented by a shaded rectangle, the transmembrane helix as a white box. 

bond of intermediate length (34 residues) that undergoes rearrangement during the 
covalent linkage with IgA. In this process, Cys'̂ '̂̂  of the human pIgR has been 
found to link with Cyŝ ^^ of one a chain of the IgA dimer (Fallgreen-Gebauer et 
ai, 1993). 

B. Ligand Binding 

As described above, the pIgR is specific for the polymeric inmiunoglobuHns IgA 
and IgM (pigs) and does not bind monomers. Numerous investigators have exam-
ined the binding of these ligands to SC in vitro, and in most species, IgM binds 
with a higher affinity than does polymeric IgA (summarized by Brandtzaeg, 1985). 
Although a subject of some controversy, the bulk of evidence suggests that binding 
of pigs to SC appears to require the presence of J chain. Brandtzaeg and Prydz 
found that the binding of IgA polymers to HT29 cells expressing the pIgR corre-
lated directly with J chain content (Brandtzaeg and Prydz, 1984). More recently 
Hendrickson and co-workers (1995) have shown that IgA from J-chain deficient 
mice, although polymeric, is transported neither from blood to bile in vivo, nor 
across monolayers of pIgR-expressing Madin-Darby Canine Kidney (MDCK) cells 
in vitro. 

The binding of pigs to the receptor is thought to be a two-stage process, involv-
ing an initial, noncovalent interaction between the ligand and elements of the first 
Ig-like domain, followed by formation of a disulfide bridge between a cysteine 
residue in domain 5 (Cys'̂ '̂̂  in human) and one of the IgA heavy chains (Cys^^^) 
as described above. Disulfide bond formation is thought to occur following inter-
nalization of receptor-Hgand complexes and, at least in fiver, has been shown to 
be a late event in the transcytotic process (Chintalacharuvu et al, 1994). It has 
been hypothesized that disulfide bond formation is catalyzed by the presence of 
protein disulfide isomerase in endosomes, transcytotic carrier vesicles, or both. 
However covalent linkage of dIgA with free SC has been observed in vitro, sug-
gesting that a catalyzing agent is unnecessary. 
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What are the structural determinants on the pIgR that specify Hgand binding? 
Several lines of evidence suggest that the first Ig-like domain contains the primary 
site(s) of noncovalent interaction. First, only proteolytic or recombinant fragments 
of the receptor that contain domain 1 retain the capacity to bind ligand (Frutiger 
et ah, 1986; Bakos et al, 1991a; Bakos et al, 1994). Second, monoclonal antibod-
ies specific for epitopes in domain 1 can compete with IgA for binding to the 
receptor (Bakos et al, 1991). Third, synthetic peptides corresponding to sequences 
within domain 1 can bind IgA in an ELISA-based assay (Bakos et al, 1991a). 
However, in this last case, peptides bound both monomeric and polymeric IgA, 
with an equivalent affinity that was two orders of magnitude less than that of 
native SC. This finding suggested that either structural constraints imposed by 
protein folding or additional binding determinants were required for optimal affin-
ity and specificity. 

The structural homology between the pIgR and other members of the Ig super-
family makes it possible to construct reasonably accurate computer models of the 
individual Ig-like domains, using the crystallographic coordinates of related mole-
cules as a framework (Eiffert et al, 1984; Beale and Coadwell, 1987; Bakos et 
al, 1993; Coyne et al, 1994). Based on such models, the synthetic peptide encom-
passing residues 15-37 of human pIgR which binds with highest affinity to IgA is 
predicted to span the loop connecting ^ strands B and C of domain 1. This loop 
corresponds to the CDRl loop of true immunoglobulins (Bakos et al, 1993). The 
CDRs (Complementarity Determining Regions) of Igs are the hypervariable re-
gions whose sequences determine antigen specificity. Each antigen binding site 
consists of three CDRs from the light chain and three from the heavy chain, which 
are brought into close proximity by lateral associations between the two chains. 
CDR-like loops in the T-cell coreceptors CD4 and CDS have also been shown to 
be required for interaction with MHC class II and class I, respectively (Salter et 
al, 1990; Fleury et al, 1991; Sanders et al, 1991). 

Examination of the sequence spanning CDRl in domain 1 of the pIgR reveals 
that it is almost identical among human, rabbit, rat, mouse, and bovine receptors 
(Fig. 3), suggesting a conserved function. Moreover, there is no discernible homol-
ogy between CDRl in domain 1 and the corresponding CDRl loops in domains 
2-5, which, combined with the data described above, further implies a functional 
role for domain 1. 

Mutagenesis of individual amino acids in CDRl demonstrated that a subset of 
these residues are indeed critical for binding of dimeric IgA to the native pIgR 
(Coyne et al, 1994). The key residues are clustered toward the C terminus of the 
loop and are notable for the fact that they are either charged (Arg^^, His^^, Arg"̂ )̂ 
or polar (Ser^ ,̂ Asn^ ,̂ Ser^^).̂  They may therefore participate in either electrostatic 
interactions or hydrogen bonding with adjacent residues in the IgA dimer. 

Mutagenesis of either CDR2 or CDR3 in domain 1, by replacement with their 

^ Amino acid assignments are from the sequence of Mostov et al. (1984). 
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Mouse 
Rat 

Bovine 
Human 
Rabbit 

Consensus 

Mouse 
Rat 

Bovine 
Human 
Rabbit 

Consensus 

Mouse 
Rat 

Bovine 
Human 
Rabbit 

Consensus 

Mouse 
Rat 

Bovine 
Human 

Rabbit 
Consensus 

Mouse 
Rat 

Bovine 
Human 
Rabbit 

Consensus 

1< leader peptide xDomain !--> CDRl 70 
MRLYLFTLLV TVFSGVSTK SPIFG PQEVSSIEGD SVSITCYYPD TSVNRHTRKY WCRQGASGMC 
MRLSLFALLV TVFSGVSTQ SPIFG PQDVSSIEGN SVSITCYYPD TSVNRHTRKY WCRQGANGYC 
MSRLFLACLL AIFPWSMK SPIFG PEEVTSVEGR SVSIKCYYPP TSVNRHTRKY WCRQGAQGRC 
MLLFVLTCLL AVFPAISTK SPIFG PEEVNSVEGN SVSITCYYPP TSVNRHTRKY WCRQGARGGC 
MALFLLTCLL AVFSAATAQS SLLGPSSIFG PGEVNVLEGD SVSITCYYPT TSVNRHSRKF WCREEESGRC 
M-LFLL--L- -VF--VS SPIFG P-EV-S-EG- SVSITCYYP- TSVNRHTRKY WCRQGA-G-C 

71 CDR2 CDR3 >< 140 
TTLISSNGYL SKEYSGRANL INFPENNTFV INIEQLTQDD TGSYKCGLGT SNRGLSFDVS LEVSQVPELP 
ATLISSNGYL SKEYSGRASL INFPENSTFV INIAHLTQED TGSYKCGLGT TNRGLFFDVS LEVSQVPEFP 
TTLISSEGYV SDDYVGRANL TNFPESGTFV VDISHLTHKD SGRYKCGLGI SSRGLNFDVS LEVSQDPAQA 
ITLISSEGYV SSKYAGRANL TNFPENGTFV VNIAQLSQDD SGRYKCGLGI NSRGLSFDVS LEVSQGPGLL 
VTL.ASTGYT SQEYSGRGKL TDFPDKGEFV VTVDQLTQND SGSYKCGVGV NGRGLDFGVN VLVSQKPE.. 
-TLISS-GY- S-EY-GRA-L -NFPE--TFV V-I--LTQ-D -G-YKCGLG- —RGL-FDVS LEVSQ-P 

141 Domain 2--> 210 
SDTHVYTKDI GRNVTIECPF KRENVPSKKS LCKKTNQSCE LVIDST..EK VNPSYIGRAK LFMKGTDLTV 
NDTHVYTKDI GRTVTIECRF KEGNAHSKKS LCKKRGEACE WIDST..EY VDPSYKDRAI LFMKGTSRDI 
SHAHVYTVDL GRTVTINCPF TRANSEKRKS LCKKTIQDCF QVVDST..GY VSNSYKDRAH ISILGTNTLV 
NDTKVYTVDL GRTVTINCPF KTENAQKRKS LYKQIGLYPV LVIDSS..GY VNPNYTGRIR LDIQGTGQLL 
PDDWYKQYE SYTVTITCPF TYATRQLKKS FYKVEDGELV LIIDSSSKEA KDPRYKGRIT LQIQSTTAKE 
-D--VYT-D- GRTVTI-CPF N KS LCK -VIDS V-P-Y--R-- L GT 

211 XDomain 3--> 280 
FYVNISHLTH NDAGLYICQA GEGPSADKKN VDLQVLAPEP ELLYKDLRSS VTFECDLGRE VANEAKYLCR 
FYVNISHLIP SDAGLYVCQA GEGPSADKNN ADLQVLEPEP ELLYKDLRSS VTFECDLGRE VANDAKYLCR 
FSWINRVKL SDAGMYVCQA GDDAKADKIN IDLQVLEPEP ELVYGDLRSS VTFDCSLGPE VANVPKFLCQ 
FSWINQLRL SDAGQYLCQA GDDSNSNKKN ADLQVLKPEP ELVYEDLRGS VTFHCALGPE VANVAKFLCR 
FTVTIKHLQL NDAGQYVCQS GSDPTAEEQN VDLRLLT..P GLLYGNLGGS VTFECALDSE DANAVASLRQ 
F-V-I--L-- -DAG-YVCQA G ADK-N -DLQVL-PEP EL-Y-DLR-S VTFEC-LG-E VAN--K-LC-

281 350 
M.NKETCDVI INTLGKRDPD FEGRILITPK DDNGRFSVLI TGLRKEDAGH YQCGAHSSGL PQEGWPIQTW 
K.NKETCDVI INTLGKRDPA FEGRILLTPR DDNGRFSVLI TGLRKEDAGH YQCGAHSSGL PQEGWPVQAW 
KKNGGACNW INTLGKKAQD FQGRIVSVPK D.NGVFSVHI TSLRKEDAGR YVCGAQPEGE PQDGWPVQAW 
QSSGENCDW VNTLGKRAPA FEGRILLNPQ DKDGSFSWI TGLRKEDAGR YLCGAHSDGQ LQEGSPIQAW 
VRGG...NW IDSQGTIDPA FEGRILFT.K AENGHFSWI AGLRKEDTGN YLCGVQSNGQ SGDG.PTQLR 

C-W INTLGK--P- FEGRIL--P- D-NG-FSV-I TGLRKEDAG- Y-CGA-S-G- -QEG-P-Q-W 

FIGURE 3. Alignment of receptor sequences from mouse (Piskurich et al, 1995), rat (Banting et al, 
1989), human (Krajci et al, 1989), bovine (Kulseth et al, 1995), and rabbit (Mostov et al, 1984) 
sources. The rabbit sequence has been updated to correct two errors in the reported sequence (replace-
ment of Thr^^ with Asn, and replacement of the sequence from Arg^^^ to Glu^^^ in the stalk region 
with Ala^^ -̂Lys^^" ,̂ caused by three missing nucleotides in the original sequence). AHgnment was 
performed using the GCG programs PILEUP and PRETTY. Locations of the cleaved leader peptide, 
Ig domains, and stalk region are indicated above the sequence. The transmembrane domain is in italics. 
Regions important to receptor function are in bold type. CDRl, CDR2, and CDR3 are thought to 
constitute the primary site of noncovalent interaction with pig. The predicted site of SC cleavage is 
marked by an X. Cytoplasmic residues involved in basolateral sorting are proximal to the transmem-
brane domain. Tyrosines involved in clathrin-mediated endocytosis are marked with an asterisk, phos-
phorylation sites with a P. 

domain 2 counterparts, was also found to completely abrogate ligand binding 
(Coyne et al, 1994), suggesting that all three CDRs participate in the interaction 
with dig A. In CD4, CDRl and CDRS have been shown to interact with determi-
nants on MHC class II complexes (Fleury et al, 1991), while in CDS, CDR 1 and 
CDR2 interact with the heavy chain of MHC class I (Salter et al, 1990; Sanders 
et al, 1991). This, however, is the first indication that all three CDRs can be 
utilized in a nonantigen interaction. 
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Mouse 
Rat 

Bovine 
Human 

Rabbit 
Consensus 

Mouse 
Rat 

Bovine 
Human 

Rabbit 
Consensus 

Mouse 
Rat 

Bovine 
Human 

Rabbit 
Consensus 

Mouse 
Rat 

Bovine 
Hixman 

Rabbit 
Consensus 

Mouse 
Rat 

Bovine 
Human 

Rabbit 
Consensus 

Mouse 
Rat 

Bovine 
Human 
Rabbit 

Consensus 

351 xDomain 4--> 
QLFVNEESTI PNRRSWKGV TGGSVAIACP 
QLFVNEESTI PNSRSWKGV TGGSVAIVCP 
QLFVNEETAI PASPSWKGV RGGSVTVSCP 
QLFVNEESTI PRSPTWKGV AGSSVAVLCP 
QLFVNEEIDV SRSPPVLKGF PGGSVTIRCP 
QLFVNEE--I P-S—WKGV -GGSV-I-CP 

YNPKESSSLK YWCRWEGDGN GHCPALVGTQ 
YNPKESSSLK YWCHWEADEN GRCPVLVGTQ 
YNPKDANSAK YWCHWEEAQN GRCPRLVESR 
YNRKESKSIK YWCLWEGAQN GRCPLLVDSE 
YNPKRSDSHL QLYLWEGSQ. TRHLLVDSGE 
YNPKES-S-K YWC-WE N GRCP-LV 

420 
AQVQEEYEGR 
ALVQEGYEGR 
GLIKEQYEGR 
GWVKAQYEGR 
GLVQKDYTGR 
--V YEGR 

421 
LALFDQPGNG 
LALFDQPGSG 
LALLTEPGNG 
LSLLEEPGNG 
LALFEEPGNG 
LALF--PGNG 

491 
VSCHYPCKFY 
ISCHYPCKFY 
LSCHFPCKFY 
VPCHFPCKFS 
ITCHFPCKYF 
--CHFPCKFY 

TYTVILNQLT TEDAGFYWCL 
AYTVILNQLT TQDSGFYWCL 
TYTVILNQLT DQDTGFYWCV 
TFTVILNQLT SRDAGFYWCL 
TFSWLNQLT AEDEGFYWCV 
TYTVILNQLT --D-GFYWC-

TNGDSRWRTT 
TDGDSRWRTT 
TDGDTRWIST 
TNGDTLWRTT 
SDDDESLTTS 
T-GD--W-TT 

XDomain 5--> 490 
lELQVAEATR EPNLEVTPQN ATAVLGETFT 
lELQVAEATK KPDLEVTPQN ATAVIGETFT 
VELKWQG.. EPSLKV.PKN VTAWLGEPLK 
VEIKIIEG.. EPNLKV.PGN VTAVLGETLK 
VKLQIVDGEP SPTID K FTAVQGEPVE 
VEL-V-E -P-L-V-P-N -TAV-GE 

SQEKYWCKWS NKGCHILPSH DEGARQSSVS 
SQEKYWCKWS NDGCHILPSH DEGARQSSVS 
SFEKYWCKWS NRGCSALPTQ NDGPSQAFVS 
SYEKYWCKWN NTGCQALPSQ DEGPSKAFVN 
SSEKYWCKWN DHGCEDLPT. KLSSSGDLVK 
S-EKYWCKW- N-GC--LP-- -EG V-

CDQSSQLVSM TLNPVSKEDE 
CDQSSQIVSM TLNPVKKEDE 
CDQNSQWSL NLDTVTKEDE 
CDENSRLVSL TLNLVTRADE 
CNNN.LVLTL TLDSVSEDDE 
CD--S--VSL TL--V--EDE 

560 
GWYWCGVKQG 
GWYWCGVKEG 
GWYWCGVKEG 
GWYWCGVKQG 
GWYWCGAKDG 
GWYWCGVK-G 

561 xStalk domain 630 
QTYGETTAIY lAVEERTR GS SHVNPTDANA RAKVAL. . .E EEWDSSISE KENKAIPNPG 
QVYGETTAIY VAVEERTR GS PHINPTDANA RAKDAP. . .E EEAMESSVRE DENKANLDPR 
PRYGETAAVY VAVESRVK. . • GS QGAKQVKA.A PAGAA IQSRAGE IQNKALLDPS 
HFYGETAAVY VAVEER KA AGSRDVSL.A KADAAP. . .D EKVLDSGFRE lENKAIQDPR 
HEFEEVAAVR VELTEPAKVA VEPAKVPVDP AKAAPAPAEE KAKAAVPSAQ EKAWPIVKE AENKWQKPR 
--YGET-AVY VAVEER A-A -A--A E S E -ENKA P-

631 X 
PFANBREIQN VRDQAQENRA SGDAGSADGQ 
LFADEREIQN AGDQAQENRA SGNAGSAGGQ 
FFAKE S VKDAAGGPGA PADPGRPTGY 
LFAEEKAVAD TRDQADGSRA SVDSGSSEEQ 
LLAEEVAVQS AEDPASGSRA SVDASSASGQ 
LFA-E --D-A RA S-D-GS--GQ 

MSISSYRTDI SMADFKNSRD LGGNDNMGAS 
MSISSYRTDI SMGDFRNSRD LGGNDNMGAT 
ISIRSYRTDI SMSDFENSRD FEGRDNMGAS 
VSIRSYRTDI SMSDFENSRE FGANDNMGAS 
VSIGSYRTDI SMSDLENSRE FGAIDNPSAC 
-SI-SYRTDI SM-DF-NSRD FG--DNMGA-

< tran$memi?r&ne dQm^in > 700 

SRSSSSKVLF STLVPLGLVL AVGAIAVWVA RVRHRKNVDR 
. . SGSSKVLF STLVPLGLVL AVGAVAVWVA RVRHRKNVDR 

. . SGSSKALV STLVPLALVL VAGWAIGW RARHRKNVDR 

. .GGSSRALV STLVPLGLVL AVGAVAVGVA RARHRKNVDR 

..SGSAKVLJ STLVPLGLVL AAGAMAVAIA RARHRRNVDR 

— SGSSK-L- STLVPLGLVL A-GAVAV-VA R-RHRKNVDR 

P 770 
PDTQQTVIEG KDEIVTTTEC TAEPEESKKA KRSSKEEADM 
PDTQETVLEG KDEIETTTEC TTEPEESKKA KRSSKEEADM 
PEAQETSLGG KDEFATTTED TVESKEPKKA KRSSKEEADE 
SITQETSLGG KEEFVATTES TTETKEPKKA KRSSKEEAEM 
PDARETALGG KDELATATES TVEIEEPKKA KRSSKEEADL 
PD-QET-L-G KDE--TTTE- T-E--E-KKA KRSSKEEADM 

Mouse AYSAFLLQSS 
Rat AYSAFLFQSS 

Bovine APTTFLLQAK 
Human AYKDFLLQSS 
Rabbit AYSAFLLQSN 

Consensus AY--FLLQS-

FlGURE 3^ Continued 

795 
TIA.AQVHDG PQEA* 
TIA.AQVHDG PQEA* 
NLASAATQNG PTEA* 
TVA.AEAQDG PQEA* 
TIA.AEHQDG PKEA* 
TIA-A DG P-EA-

C. Cleavage to Secretory Component 

Between the fifth Ig domain and the transmembrane domain lies a short "stalk" 
region containing the proteolytic cleavage site used in separating SC from its 
transmembrane anchor (Fig. 2). Cleavage is thought to be catalyzed by a leupeptin-
sensitive endoprotease residing in the apical plasma membrane (Musil and Baen-
ziger, 1987; Breitfeld et aU 1989; Solari et aU 1989; Sztul et aU 1993); however, 
the nature of this protease is currently unknown. Similarly, the precise site of 
cleavage within the stalk domain has remained elusive, due primarily to the "rag-
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ged" C-termini of SC purified from secretions (Eiffert et al, 1984). Piskurich et 
al (1995) have proposed a site N-terminal to a conserved glutamic acid residue in 
the consensus sequence, Phe-Ala-X-Glu (Fig. 3), where X is a polar or charged 
amino acid. Based on secondary structure predictions, this site is thought to lie 
within an a helix, preceded in every species except rabbit by a conserved proline-
containing turn. Further work, perhaps involving site-specific mutagenesis, will be 
required to determine whether this is the true site of SC cleavage. 

D. Transmembrane Domain 

The transmembrane domain of the pIgR is very highly conserved (79%), sug-
gesting a possible role in the transmission of transmembrane signals in response 
to ligand binding. Although unoccupied receptors are transcytosed, recent evidence 
suggests that ligand binding enhances the rate of receptor transport (Song et al, 
1994). Mostov et al (1984) have suggested that a conserved proline within the 
transmembrane domain, an uncommon feature in single-spanning membrane pro-
teins (Brandl and Deber, 1986) may cause a kink in the predicted transmembrane 
a helix, and could amplify conformational changes induced by ligand binding. 
However, subsequent work has shown that mutagenesis of this proline has no 
observable effect on the behavior of either occupied or unoccupied receptors (J. 
E. Casanova and K. E. Mostov, unpublished observations). Regardless, recent evi-
dence suggests that the binding of ligand, which is known to induce large confor-
mational changes in SC (Bakos et al, 1991b), can affect the behavior of the recep-
tor (see below). It therefore remains possible that the conserved core 
transmembrane sequence functions in some signal-transducing capacity. 

III. I N T R A C E L L U L A R T R A N S P O R T 

The cytoplasmic domains of many transmembrane proteins have been found to be 
required for their sorting and transport to appropriate cellular destinations. This 
process is particularly complex in epithelial cells, where the plasma membrane is 
subdivided into apical and basolateral domains with distinct and specialized func-
tions. In most types of epithelia (hepatocytes are the exception) apical and basolat-
eral membrane proteins are segregated from each other at the exit point from the 
Golgi apparatus, the trans-Golgi network (TGN) (Matlin and Simons, 1984; Rin-
dler et al, 1984) and transported to the appropriate surface in separate populations 
of carrier vesicles. Upon arrival at the cell surface, many types of receptor proteins 
are intemahzed by clathrin-mediated endocytosis. These internalized proteins enter 
an acidic, early endosomal compartment where further sorting takes place. Recycl-
ing receptors are returned to the cell surface from which they were internalized, 
other proteins are transported to lysosomes for degradation, and, in epithelia, still 
others, such as the pIgR, are packaged into transcytotic carrier vesicles for trans-
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port to the opposite cell surface. In hepatocytes, all plasma membrane proteins are 
transported together to the basolateral (sinusoidal) surface, and apical proteins 
reach the bile canaliculus via the transcytotic pathway (Bartles et al, 1987). 

How do proteins navigate their way through this complex labyrinth of subcellu-
lar compartments and membranes? Most proteins contain intrinsic structural fea-
tures (often referred to as "sorting signals") that interact with the cellular sorting 
machinery. Such signals can consist of contiguous stretches of amino acids, non-
contiguous residues that are brought together by protein folding, or post-transla-
tional modifications such as phosphorylation. 

Most of what is known about the sorting and intracellular transport of the pIgR 
has been discovered using cell culture systems. Mostov and colleagues have devel-
oped a particularly useful system in which the pIgR is stably expressed in MDCK 
cells. When these cells are cultured on permeable filter supports, the pIgR func-
tions as in vivo, transporting ligand from the basolateral to the apical cell surface 
(Mostov and Deitcher, 1986). The cells also contain an endogenous protease that 
catalyzes cleavage of the receptor to SC. This model system has allowed the iden-
tification and characterization of sorting signals by stable expression of mutant 
receptors and their subsequent analysis in polarized monolayer cultures. 

Using this system, Mostov et al (1986) demonstrated that the cytoplasmic do-
main of the pIgR was required for at least three stages of the transport pathway: 
(1) targeting of newly synthesized receptors to the basolateral cell surface; (2) 
clathrin-mediated endocytosis, and (3) subsequent sorting of internalized receptors 
into the transcytotic pathway. The cytoplasmic sequences required for each of 
these sorting steps have been identified and characterized and are described below. 

A. Basolateral Sorting 

Initial mutagenesis experiments demonstrated that the basolateral sorting determi-
nant resided within the first 17 amino acids of the cytoplasmic domain. A mutant 
receptor lacking 14 of these residues was transported directly to the apical cell 
surface, as was the mutant lacking the entire cytoplasmic domain. In contrast, a 
mutant containing only the first 17 amino acids and lacking the remainder of the 
cytoplasmic domain was transported basolaterally. To definitively demonstrate that 
this sequence contained a basolateral sorting signal, a chimeric protein was gener-
ated containing the extracellular domain of an apical membrane protein, placental 
alkaline phosphatase, and a cytoplasmic domain consisting of the 17-amino acid 
putative signal sequence. This chimeric protein was transported efficiently to the 
basolateral cell surface, demonstrating that the signal can function autonomously 
(Casanova et al, 1991). 

Further refinement of the signal sequence by alanine-scanning mutagenesis (Ar-
oeti et al, 1993) revealed an absolute requirement for three closely spaced amino 
acids, His^^ ,̂ Arg^ '̂̂ , and Val̂ ^^ (Fig. 3). Replacement of any of these three resi-
dues with alanine resulted in the transport of newly synthesized receptors to both 
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apical and basolateral surfaces in equivalent amounts, suggesting that they were 
no longer recognized by the cellular sorting machinery. Mutation of either Arg^^^ 
or Tyr̂ ^̂  to alanine also reduced the fidelity of basolateral sorting, but to a lesser 
extent. Mutagenesis of the remaining residues had no observable effect. 

The secondary structure of a synthetic peptide corresponding to the signal se-
quence has been determined by two-dimensional NMR analysis (Aroeti et al, 
1993). An interesting result of these experiments was that the peptide was found 
to contain a /3-tum spanning residues Arg^^ ,̂ Asn^^ ,̂ Val̂ ^ ,̂ and Asp^^\ which 
was followed by a nascent helix. Similar j8-tum structures have been found to be 
a feature of motifs required for clathrin-mediated endocytosis (CoUawn et al, 
1990; Vaux, 1992). Endocytic signals of this type tend to have tyrosine or other 
aromatic residues at the 1 or 4 positions of the turn. Of the three residues identified 
by mutagenesis to be critical for sorting, His^^^ and Arg^^^ immediately precede 
the turn, and Val̂ ^̂  occupies the 3 position. All of the residues in this region are 
completely conserved among species (except Arg^^ ,̂ which is lysine in all species 
except rabbit). 

Since the identification of the basolateral sorting signal in the pIgR, numerous 
other proteins have been identified that also contain basolateral sorting signals 
(Mostov et al, 1992; Matter and Mellman, 1994). These signals appear to fall into 
two classes, those that overlap with endocytic signals, and those that do not. The 
pIgR clearly falls into the latter category, as the truncation mutant containing a 
functional basolateral sorting signal is not detectably endocytosed (Casanova et 
al, 1991). Taken together, these findings suggest that j8-tum structures may be a 
common feature of sorting signals, and that the nature of the amino acids compos-
ing or surrounding the turn may determine the specificity of interaction with the 
cellular sorting machinery. 

B. Endocytosis 

Following its arrival at the basolateral cell surface, the pIgR is rapidly internalized 
via clathrin-mediated endocytosis. This process occurs constitutively and does not 
require ligand binding. As described above, association of proteins with clathrin-
coated pits requires a functional endocytic signal. Two types of endocytic signals 
have been characterized to date, one which contains a characteristic j8-tum includ-
ing a tyrosine or other aromatic residue, and one containing two adjacent leucine 
residues which apparently does not involve a /3 turn. The pIgR contains two tyro-
sine-based endocytic signals in its cytoplasmic domain, one centered on Tyr̂ ^ ,̂ 
the other on Tyr'̂ '̂̂  (Phe in bovine pIgR). Each of these can mediate endocytosis 
independently of the other, although the distal signal is more efficient. Mutagene-
sis of both tyrosines simultaneously yields a receptor that is not detectably inter-
nalized (Okamoto et al, 1992). As mentioned above, neither of these tyrosine-
containing motifs is involved in basolateral sorting, as mutants in either residue (or 
both) are sorted to the basolateral surface as efficiently as the wild-type receptor. 
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C. P o s t e n d o c y t i c Sor t ing 

Receptor molecules internalized from the cell surface enter early endosomes, 
which are a major crossroads of membrane traffic. All materials entering this com-
partment from the plasma membrane are sorted and transported to one of three 
destinations. Some proteins (e.g., LDL receptor) are recycled to the basolateral 
cell surface. Others (PDGF, EGF receptors) are transported to lysosomes for deg-
radation. The pIgR (and other transcytosing molecules) are packaged into a sepa-
rate class of carrier vesicles for transport to the apical cell surface. Ultrastructural 
studies using immunoelectron microscopy have shown that, in rat liver, the pIgR 
is concentrated in tubular extensions emerging from endosomes that presumably 
give rise to carrier vesicles (Geuze et al, 1984). 

One signal that has been identified that specifies sorting of the pIgR into the 
transcytotic pathway consists of a post-translational modification, phosphorylation 
of a single serine residue, Ser̂ "̂̂  (Fig. 3). In the MDCK system, mutation of this 
serine to alanine reduces incorporation of ^̂ P into the receptor by 80%, and dra-
matically reduces both the rate and the extent of receptor transcytosis (Casanova 
et al, 1990). Conversion of the target serine to aspartic acid, which may mimic 
the negatively charged phosphoserine side chain, was found to enhance receptor 
transcytosis. This signal is at least partially autonomous, in that transplantation to 
a heterologous reporter protein enhances transcytosis of the chimera (placental 
alkaline phosphatase), although not to the same extent as native pIgR (Apodaca 
and Mostov, 1993). The location of Ser̂ "̂̂  immediately downstream of the /3 turn 
in the basolateral sorting domain suggested that phosphorylation may function as 
a molecular switch, inactivating the basolateral signal upon arrival at the cell sur-
face. This hypothesis is supported by the observation that, in pulse-chase experi-
ments in rat liver, phosphorylated pIgR is not detectable in Golgi membranes, but 
is abundant in plasma membrane and endosomal fractions (Larkin et al, 1986). 
Furthermore, it is the only form of the receptor in fractions enriched in transcytotic 
carrier vesicles (Sztul et al, 1993). 

A second, more distal phosphorylation site has been reported at Ser̂ ^^ (Hirt 
et al, 1993). Mutation of this site to alanine was originally reported to result 
in a defect in basolateral sorting; however, subsequent work suggests that the 
major defect may be in endocytosis (Okamoto et al, 1994). IntemaUzation of re-
ceptors containing this mutation is reduced by 65% relative to wild-type controls, 
and all other aspects of receptor traffic appear to be normal (Okamoto et al, 
1994). 

Recent evidence indicates that ligand-occupied receptors undergo more rapid 
transcytosis than do unoccupied receptors (Song et al, 1994). Moreover, the pres-
ence of bound ligand is sufficient to overcome the inhibition of transcytosis im-
posed by the Alâ "̂̂  mutation. In other words, receptors to which IgA is bound are 
rapidly transcytosed whether Ser̂ "̂̂  is phosphorylated or not (Hirt et al, 1993; 
Song et al, 1994). One hypothesis that may account for this observation is that 
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ligand binding induces a transmembrane conformational change that is mimicked 
by phosphorylation of the receptor at Ser̂ "̂̂ . 

IV. A N O T H E R S T E P I N T H E PATHWAY? 

It has long been assumed that transcytotic vesicles, once formed, were transported 
directly to and fused directly with the apical plasma membrane. Some recent evi-
dence, however, suggests that there may be yet another stop on the pathway. Using 
morphological methods, Barroso and Sztul (1994) and Apodaca et al (1994) inde-
pendently demonstrated that transcytosing material (anti-SC Fab2 in the former 
case, dIgA in the latter) enters a compartment in the apical cytoplasm of MDCK 
cells en route to the cell surface. This compartment appears to be an apical endo-
some in that it is also accessible to apically internalized ligand (as well as nonspe-
cific membrane markers). Based on these observations, both authors concluded 
that transcytosis is indirect, and occurs via an apical endosomal compartment. 
Delivery to the apical surface would then presumably be accompHshed in vesicles 
recycling from this compartment to the apical cell surface. 

In support of this model, Mazanec et al (1992, 1995) have demonstrated that 
IgA internalized from the basolateral surface of MDCK monolayers can interact 
with intracellular viral proteins in infected cells. Monoclonal IgAs specific for 
either the hemagglutinin-neuraminidase (HN) of Sendai virus (Mazanec et al, 
1992) or for the hemagglutinin of influenza virus (Mazanec et al, 1995) have 
been shown to colocalize with viral proteins in infected MDCK cells, and reduced 
the titer of intracellular virus 10- to 100-fold relative to nonspecific IgA or IgG. It 
is not yet clear whether intracellular IgA interacts with intact virions or prevents 
the assembly of viral coats, although the latter seems more likely. Similarly, the 
exact cellular location where transcytosing IgA comes into contact with viral pro-
teins is not known. One possibility is that newly synthesized viral proteins pass 
through an endosomal compartment en route to the cell surface. Alternatively, 
viral infection may cause the diversion of transcytotic vesicles to virion-containing 
compartments. Clearly, further work will be necessary to clarify these issues. 

V. C O N C L U S I O N S 

A great deal of progress has been made in the last 15 years in our understanding 
of the structure and function of the pIgR, yet many questions remain unresolved. 
How is the specificity for polymeric vs monomeric immunoglobulins achieved? 
What are the determinants in the a and l̂ chains that initiate noncovalent interac-
tion with SC? At the cellular level, the machinery that recognizes and sorts the 
pIgR in the Golgi apparatus and in endosomes remains virtually unknown. Simi-
larly, the kinase(s) that catalyze receptor phosphorylation and the protease respon-
sible for SC formation are as yet uncharacterized. Given the rapid rate of progress 
in recent years, answers to these questions should soon be at hand. 
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I. INTRODUCTION 

It has been just over a decade since the accidental discovery of the T-cell receptor 
(TCR) y chain gene during the search for TCR a chain (Saito et al, 1984). Anti-
peptide antisera eventually led to the identification of a novel subset of T cells 
bearing the yd TCR heterodimer (Brenner et al, 1986; Bank et al, 1986; Lanier 
et al, 1987). Since this time, despite intense effort, the role(s) of yd T cell in the 
immune system is still not clear. Although yd T cells can be triggered to secrete 
lymphokines and mount cytolytic responses in many experimental systems, and 
they are found to predominate in some pathological situations where a/3 T cells 
are not very active, almost all of the well-defined cellular immune functions attrib-
uted to T cells are performed by ajS T cells (reviewed in Haas et al, 1993, Havran 
and Boismenu, 1994). Nevertheless, yd T cells are present in all veterbrate ani-
mals. Recent studies with mice that lack either ajS or yd T cells show that infec-
tions can be cleared in both types of mice, but the mode of clearance is quite 
different (reviewed in Kaufman, 1994), suggesting that these two types of T cells 
are contributing to host immune competence differently. In addition, mice that 
have only ajS T cells are immunocompromised when compared with mice that 
have both a/3 and yd T cells. This further indicates that yd T cells perform unique 
functions. In order to discern the function of yd T cells in the immune system it 
will be necessary to identify their recognition properties (likely targets and recog-
nition requirements). Because aj8 T cells recognize peptides derived from de-
graded protein antigens in association with the MHC molecules, it has been com-
monly assumed that yd T cells follow the same pattern. However, even early on, 
it was clear that classical MHC molecules do not play major roles in yd T-cell 
recognition; it was proposed that nonclassical MHC, heat-shock proteins, or as-
yet-unidentified surface molecules are playing the role(s). As self-presentation is 
difficult to assess, we decided to turn the question around and ask when yd T-cell 
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recognition does involve MHC molecules, do MHC molecules play a similar role 
as in aj8 T-cell recognition; to what extent do the MHC bound peptides confer 
specificity, and what kind of antigen-processing pathway is required? The model 
systems we studied are the recognition of a mouse classical MHC class II mole-
cule lE^ by the yd T-cell clone LBK5 and the recognition of the nonclassical 
MHC molecule TL-TIO and T22 by G8 (Schild et aU 1994). 

I I . R E C O G N I T I O N O F I E ^ B Y LBK5 D O E S N O T R E Q U I R E A 

S P E C I F I C P E P T I D E / M H C C O M P L E X F O R M E D I N E I T H E R 

E N D O S O M A L O R L Y S O S O M A L C O M P A R T M E N T S 

The majority of afi T cells that recognize protein antigens presented by class II 
molecules require endocytosis of exogenous proteins that are degraded in the en-
docytic compartments. Class II MHC molecules are assembled in the ER and 
travel through endosomes or endosome-like compartments to the cell surface, ac-
quiring processed peptides along the way (Neefjes and Ploegh, 1992; Germain and 
Margulies, 1993). We tested if perturbations in this pathway would affect the abil-
ity of lE^ to stimulate LBK5. lE^ a and /3 chains were expressed in mutant CHO 
cell lines with temperature-sensitive endosomal acidification defects of the Endl, 
2, and 3 complementation groups (Colbaugh and Draper, 1993). Upon shifting to 
the nonpermissive temperature, various lesions in the endocytic pathway are in-
duced. The defects impair the ability of these cells to present protein antigens to 
aj8 T cells, but they do not affect the synthesis, the surface expression, or the 
ability of the lE^ molecule to present exogenously acquired antigens. This is illus-
trated by the fact that all of the mutants show severely reduced presentation of 
cytochrome c protein to the a/3 T cells 2B4 and 5CC7. Stimulation of the af5 
alloreactive clone AIAIO is also impaired, but the level of surface lE^ expression 
on these mutant cells is indistinguishable from that of wild-type lE^-CHO cells at 
either the permissive (34°C) or nonpermissive (39°C) temperatures. At 39°C, all 
of the mutant CHO cells present exogenous peptide antigens and Staphylococcus 
enterotoxin A (SEA) as well as wild-type CHO cells (Table I and data not shown). 
Surprisingly, these mutations have no effect on LBK5 activation (Table I). 

As some class II MHC-associated peptides may also be acquired in endocytic 
compartments other than endosomes, we tested whether a peptide/IE'^ complex 
formed in these other compartments might be required for LBK5 recognition by 
using CHO cells expressing glycanphophatidyl-inositol (GPI) Hnked lE^ chimeras 
(Wettstein et al, 1991) as stimulator cells. The rationale is that GPI-IE^ molecules, 
similar to naturally occurring GPI linked proteins, are transported to the cell sur-
face directly after exiting from the Golgi and do not recycle (Thomas et al, 1990). 
Thus, they would not intersect with the acidic intracellular compartments such as 
lysosomes or endosomes. GPI-IE^ expressing cells do not present exogenously 
added protein antigens to a^ T cells nor do they stimulate alloreactive aj8 T cells 
(Fig. 1, data not shown, and Wettstein et al, 1991). Nonetheless, LBK5 can re-
spond to these cells almost as efficiently as to wild-type lE^-CHO cells (Fig. 1). 
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TABLE! 

T-CELL RESPONSES TO I E ^ EXPRESSED ON TEMPERATURE-SENSITIVE C H O CELL MUTANTS 

2B4 peptide(ai8) 2B4 proteinCajS) AlAlOCajS) LBK5 (yS) 

Temp. (°C): 34 39 34 39 34 39 34 39 

lE^-CHO + + + + + + + + + + + + + + + + + + + + + + + + 
lE'^-Gg.l 

(endl) + + + + + + + + + 0 + 0 + + + + + 

IE'^-25.2.2 
(end2) + + + + + + + + + + + + 0 + + + + + 

lE'^-GT.l 
(end3) + + + + + + + + + 0 + 0 + + + + + 

Note. The responses of each hybridoma to lE*̂  expressed on CHO mutant cells are compared with 
responses elicited from IE'' expressed on normal CHO cells. Each " + " indicates a fivefold difference 
in IL-2 or IL-3 production. 0 Indicates no detectable IL-2/IL-3 production. The IL-2 production for the 
2B4 hybridoma in response to the MCC (moth cytochrom c) peptide 88-103 was 125 U/ml and to the 
PCC protein 90 U/ml, IL-3 production of AlAlO (an ap allorective T-cell hybridoma) was 25 U/ml, 
and that of LBK5 45 U/ml. 

These results indicate that peptide loading in endosomal and/or lysosomal com-
partments is not required for LBK5 stimulation. 

During the biosynthesis of class II MHC molecules the invariant (li) chain 
transiently associates with the aP heterodimer in the ER. It has been suggested 
that this interaction can influence the binding of peptides to MHC class II mole-
cules (Germain and Margulies, 1993). It was shown that the introduction of the 
invariant chain in CHO-IE'̂  cells enhances their ability to present protein antigens 
to ap T cells, but the presence of the invariant chain has no effect on the ability 
of these stimulator cells to stimulate LBK5 (Fig. 1). Thus the presence of the 
invariant chain during the biosyntheses of lE^ has no effect on LBK5 recognition. 
Together, these results indicate that the antigen-processing requirements for LBK5 
activation are not sensitive to manipulations that would influence the repertoire of 
peptides loaded onto the lE^ molecule. 

I I I . D E F E C T S I N T H E M H C C L A S S I A N D C L A S S II P E P T I D E 

L O A D I N G PATHWAY D O N O T A F F E C T I E ^ 

R E C O G N I T I O N B Y LBK5 

To further test if peptide bound to lE^ confers the specificity of LBK5, we tested 
if functional class I and class II antigen-processing pathways in the stimulator 
cells are necessary for the stimulation of LBK5. lE^ was expressed in the mouse 
cell line RMA-S, which has a point mutation in the peptide transporter gene Ham-
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FIGURE L Stimulation of 2B4 and LBK5 with IE'' expressing CHO cells. Stimulation of 2B4 and 
LBK5 with CHO cells expressing native lEk (lE'^-CHO), glycanphosphatidylinositol linked (GPI) IE'' 
(GPI lE'^-CHO), native lEk together with invariant chain (li) p4I (li lE^'-CHO), and CHO cells. The 
response of 2B4 is measured by the production of IL2, that of LBK5 by the production of IL-3. 2B4 
shows no response to CHO cells but the symbols are marked by the symbols from GPI lE'^-CHO cells. 

2 (Attaya et al, 1992) and is defective in class I-restricted pathway, the human 
cell line T2, which has a homozygous deletion in the H-2 region and is defective 
for both class I and II pathways (Cerundolo et al, 1990), and their respective 
parental, nondefective Hnes, RMA and Tl. Consistent with their antigen-pro-
cessing defects, lE^/RMA-S cells stimulated the a^ alloreactive clone and pre-
sented cytochrome c peptide and the whole protein to 2B4, while IE^/T2 cells 
could only present peptide (data not shown). In contrast, all transfectants were 
able to stimulate LBK5 comparably (Fig. 2A). These data show that the common 
class I and class II antigen-processing pathways are not necessary for LBK5's 
reactivity. This further illustrated that when LBK5 recognizes IE, the peptide 
bound to lE^ does not confer specificity. Furthermore, addition of a specific pep-
tide to the stimulator cells does not change their ability to stimulate LBK5. 

rv. LBK5 REACTIVITY C O R R E L A T E S D I R E C T L Y W I T H T H E 

A M O U N T O F S U R F A C E I E ^ E X P R E S S I O N 

ON THE S T I M U L A T O R C E L L S 

While these different lE^-expressing cells can all stimulate LBK5, they appear to 
plateau at different levels. To determine if this reflects quantitative or qualitative 
differences between the lE'̂  molecules, we compared the cell surface expression 
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FIGURE2. (A) Stimulation of LBK5 with native IE'' expressed on RMA, RMA-S, Tl, T2 cells. (B) 
Correlation of surface lE^ expression with LBK5 responses. LBK5 cells expressing the NFAT-alkaline 
phosphatase gene were used. The fluorescence units represent measurements of NFAT-specific alkaline 
phosphates activity as described (Bram et al, 1993). The mean fluorescence intensity represents the 
amount of surface IE'' expression as measured by FACS staining. The same batch of cells was stained 
for surface IE'' expression and tested for LBK5 activation at the same time. 

of lE^ on all stimulator cells by FACS and correlated this with their abilities to 
stimulate LBK5. As shown in Fig. 2B, LBK5 reactivity correlates directly with 
the amount of surface lE^ expression on the stimulator cells. 

V. LBK5 R E C O G N I Z E S I M M U N O P U R I F I E D I E ^ M O L E C U L E S 

It has been shown that presentation of bacterial superantigens by class II MHC 
molecules to a/3 T cells is independent of antigen processing (Yagi et al, 1990). 
Since our experiments establish that neither class I nor class II antigen-processing 
pathways are required for the activation of LBK5, we sought to determine whether 
lE^ is presenting a superantigen-like molecule to LBK5. Purified lE^ molecules 
from the surface of the B-cell lymphoma CH27 were immobilized in microtiter 
wells (Kane et al, 1989) and used to stimulate T cells. Immobilized lE^ molecules 
and CH27 cells stimulate LBK5 to similar levels (Fig. 3). These results demon-
strate that purified lE'̂  alone is sufficient to activate LBK5. 

VI. lE^ I N T E R A C T S DIFFERENTLY WITH LBK5 T H A N 

WITH a/3 T C E L L S 

Since our data indicate that LBK5 recognizes lE*̂  with a variety of different pep-
tides bound and most likely without a peptide as well, we next examined how this 



174 Yueh-hsiu Chien 

LBK5 activation 

0 1 10 100 
CH27 cells x1000/well 

1 2 
lEk (^jug/ml) 

FIGURE J. Stimulation of LBK5 with CH27 cells and platebound IE'', LBK5 activation as measured 
by fluroescence units representing NFAT-specific alkaline phosphatase activity versus concentration of 
CH27 cells or purified lE^ loaded into microtitier wells was plotted. Stimuatlion with plate bound IE'' 
and CH27 cells were carried out in the same experiment. 

recognition is achieved. To map the LBK5 epitope, we analyzed the response of 
LBK5 to a panel of 13 APC lines. Each Hne expresses a mutant lE^ molecule with 
a single amino acid substitution at a residue predicted to be located on the MHC 
a helices and "pointing up" toward the ap TCR (Ehrich et al, 1993). These as-
signments have been confirmed by the recently described X-ray crystal structure 
of the class II molecule, DRl (Brown et al, 1993). All of the APCs stain normally 
with more than six anti-IE monoclonal antibodies and bind peptides to the same 
extent as wild-type lE^-CHO cells do. Stimulation of LBK5, two alloreactive aj8 
T-cell hybridomas (AIAIO, Ak44.1), and the presentation of peptides to more than 
40 antigen-specific aj8 T cells by the mutant APCs were compared. The reactivity 
of all ajS T cells surveyed is disrupted by mutations that are more centrally located 
around the peptide binding site (Fig. 4; Ehrich et al, 1993; data not shown). 
However, none of the mutants which affect a^ T-cell responses influence LBK5 
reactivity. Only a glutamic acid to lysine change at position 79 near the extreme 
C-terminal end of the E^ a helix ablated LBK5 recognition. This mutant has no 
effect on any of more than 40 aj8 T cells tested (Ehrich et al 1993; data not 
shown). Thus, the topology of a/3 vs yd T-cell recognition of the same IE mole-
cule is likely to be quite different. Further analysis indicated that the specificity of 
LBK5 is influenced by the carbohydrate at a82 as well as a polymorphic residue 
at j867, a residue that is solvent exposed (J. Hample and Y.-h. Chien, unpublished 
results). These results suggest that LBK5 recognizes lE'̂  not from the "top" of 
the peptide-MHC complex, but from the "side," away from the peptide binding 
groove. 
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a1 helix 

LBK5 . 

p i helix mutants: 

59 Glu -> Lys 
64 Gin -> Arg 
69 Glu -> Lys 
73 Ala -> Val 
77Thr -> Gin 
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FIGURE 4. lE^ mutants and their effects on T-cell stimulation. The location of the mutated residues 
is depicted according to the model of Brown et al (1993). The positions and amino acid substitutions 
of 13 lE^ mutants as well as the specificity of the hybridomas are as described (Ehrich et al, 1993). 
Mutations at positions that showed more than a 1000-fold decrease in presentation efficiency to aft T 
cells are shown in filled circles. For LBK5, the al9 mutation elicited no response from LBK5 at all 
APC concentrations tested. The dose-response curves of LBK5 to all the other mutants are indistin-
guishable from that of CHO cells expressing native lE^ molecules. 

VII . A N T I G E N - P R O C E S S I N G R E Q U I R E M E N T S I N O T H E R 

E X P E R I M E N T A L S Y S T E M S 

Because yd T cells that recognize classical MHC molecules are rare, we sought 
to test the generality of the LBK5 finding with another yd T-cell clone, G8, whose 
reactivity was mapped to the MHC TL region. The ligands for G8 were identified 
by expression cloning and found to be the product of the nonclassical class I 
molecules TIO and the closely related T22 gene (94% identity) (Schild et al, 
1994; Weintraub et al, 1994). As in the case of LBK5 described above, it was 
demonstrated that no conventional class I or class II antigen-processing pathways 
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are required for TL recognition by the G8 clone. Again all variations in the ability 
of different stimulator cells to activate these yS T cells can be attributed solely to 
the level of their surface MHC expression (Fig. 5A). Also significant is the fact 
that G8 recognizes TL molecules expressed on Drosophila cells. Drosophila mela-
nogaster does not have an immune system equivalent to that of mammals and 
appears to lack the factors necessary for any type of antigen processing and pre-
sentation (Fig. 5B). 

The T10/T22 sequences have a 3-amino-acid deletion in the predicted a\ a 
helix and a 13-amino-acid deletion in the al helix when compared with MHC 
class I sequences. The amino acid residues following the 13-amino-acid deletion 
also do not have a helical propensity characteristic of classical MHC molecules. 
Therefore, even if the TL molecule folds similarly to classical MHC molecules, 
the a helix would be severely truncated on one side and the j8 strand platform 
may be shortened (Ito et al, 1990). In addition, TIO and T22 lack 4 of the 8 
amino acids that are important for peptide binding by class I molecules (Teitell et 
al, 1994). The addition of peptide libraries (7-9 amino acids long or shorter) does 
not augment the expression of TL on the surface of cells that are defective in the 
conventional antigen-processing pathway (H. Schild, M. Jackson, and Y.-h. Chien 
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FIGURE 5. (A) Correlation of surface TL/L'* expression on stimulator cells with G8 responses. (B) 
Stimulation of G8 with TL/L'* expressed on Schneider's Drosophila cells. G8 cells expressing NFAT-
alkaline phosphatase were used. 721.134 has a point mutation in one of the genes associated with class 
1-restricted peptide transport (Spies and DeMars, 1991). CIR, derived from the human B-cell line 
Hmy2, is not defective in class I- or class Il-restricted antigen processing (Zemmour et al, 1992). The 
fluorescence unit represents measurement of NFAT-specific alkaline phosphatase activity as described 
in the legend to Fig. 1. The mean flurescence intensity in (E) represents the amount of TL/L'̂  expression 
as measured by FACS staining. The same batch of cells was stained for surface TL/L'̂  expression and 
tested for OS activation at the same time. Induction of expression of membrane-bound TL-L'̂ , staining 
of cells for flow cytometry, and the T-cell activation assay were carried out as described in Schild et 
al. (1994). As a control class I D^ expressed on Drosophila cells and untransfected Drosophila cells 
were tested. 
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unpublished results). Further, peptide could not be eluted from TIO using standard 
methods (A. Kaliyaperumal, et al, 1995). In addition, we have recently found that 
TIO and /32 microglobulin expressed in Escherichia coli are able to fold into stable 
complexes without exogenously added peptide. The folded material bound onto 
plastic plates can stimulate G8 to a similar extent as cells expressing TLIO (M. 
Crowley, N. Mavaddat, and Y.-h. Chien, manuscript in preparation). Thus, not only 
does G8 recognize TIO in the absence of peptide, but it also seems that TL10/22 
does not bind peptide. At least one of the MHC-like molecules, the FcRn receptor, 
has a "closed" groove and thus is unable to bind peptides (Burmeister et al, 
1994). 

The T22 molecule has also been identified as the ligand of another yd T-cell 
clone, KN6 (Bonneville et al, 1989). It is not clear if KN6 also recognizes TIO, 
because the TIO gene assayed by Ito et al (1990) is not functional. Similar to the 
results shown for G8, KN6 responded to T22-expressing cells from a variety of 
tissues as well as to T22-transfected cells deficient in the class I peptide trans-
ported (TAP1/TAP2). In an effort to evaluate the "peptide" requirements for KN6 
recognition, the T22 gene was analyzed by mutagenesis (Moriwaki et al, 1993). 
While some residues located on the "putative" peptide binding floor showed no 
effect, others reduced KN6 reactivity drastically, leading to the conclusion that a 
peptide is involved in the recognition. However, in these experiments the cell 
surface expression of the transfected gene was not monitored, and thus an alterna-
tive explanation is that these mutations prevented the proper expression of the 
protein. In fact, one of those mutations (residue 25 from Val to Phe) was generated 
independently and resulted in the loss of T22 surface expression (N. Mavaddat, 
M. Crowley, and Y.-h. Chien, unpublished results). 

In addition to the LBK5 and G8, studies of another yd T-cell clone, TgI4.4, 
specific for a herpes simplex virus type 1 transmembrane glycoprotein (gl), also 
indicates that the protein is recognized directly and required neither antigen pro-
cessing nor presentation by other molecules (Sciammas et al, 1994). 

VIII . N O N P R O T E I N A N T I G E N S C A N B E R E C O G N I Z E D 

BY yS T C E L L S 

Recent studies of yd T cells from healthy human peripheral blood and from pa-
tients with tuberculoid leprosy or rheumatoid arthritis that respond to heat-killed 
mycobacteria have identified the major stimulatory components to be phosphate-
containing, nonpeptide molecules. 

Schoel et al (1994) identified the active component in mycobacterium as a 
nonprotein low-molecular-weight (1-3 kDa) compound that contains unusual car-
bohydrate and phosphate moieties. Constant et al (1994) identified four distinct 
but related stimulating agents from M tuberculosis (strain H37Rv), water-soluble 
extracts termed TUBag 1-4. TUBag 4 was identified as a 5'-triphosphorylated 
thymidine substituted at its y-phosphate by an as yet to be characterized low-
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molecular-weight structure. TUBag 3 has a similar structure, but contains uridine 
instead of deoxythymidine. TUBag 1 and 2 are naturally occurring nonnucleotide 
minimal active fragments of TUBag 3 and 4. Tanaka et al (1994, 1995) working 
with extracts from the same mycobacterial strain, identified isopentenyl pyrophos-
phate and related prenyl pyrophosphate derivatives as the major stimulatory com-
ponent. They also found that synthetic alkenyl and prenyl derivatives of phosphate 
and pyrophosphate as well as y-monoethyl derivatives of nucleoside and deoxy-
nucleoside triphosphate stimulate particular yd T-cell clones, with the pyrophos-
phate and the TTP and UTP y-derivatives being the most potent. Although the 
relative biological importance of these compounds remains to be determined, it is 
clear that a major class of stimulants are phosphate-containing nonpeptides. An-
other important finding is that all of these compounds can be found in both micro-
bial and mammalian cells. It was suggested that these antigens can be produced 
by a number of pathogens as well as transformed, damaged, or stressed cells. 

IX. CDR3 L E N G T H D I S T R I B U T I O N S O F yd TCRs A R E M O R E 

S I M I L A R T O T H A T O F I M M U N O G L O B U L I N L I G H T A N D H E A V Y 

C H A I N S T H A N T O a/3 TCR 

X-ray structural analysis of antibody-antigen complexes showed that one of the 
CDR3 loops (created by VDJ recombination) of Ig H and L chains is always 
involved in antigen contact. Similarly, the CDR3 of both ajS TCR chains seem 
critical for peptide recognition. To search for a structural basis for the yd T-cell 
recognition. Rock et al. (1994) analyzed the CDR3 length distribution of all 
known antigen receptor polypeptides from mouse and humans. CDR3 lengths were 
tabulated using a computer program written in Pascal running on a VAX 6000-
420 under VMS 5.4. After excluding sequence fragments without a complete 
CDR3 region, the program calculate CDR3 length as the distance from the J re-
gion-encoded GXG triplet (where G is glycine and X is any amino acid) to the 
nearest preceding V region-encoded cystein(C). Statistics were calculated on a 
Macintosh computer using StatView II (Abacus Concepts, Berkeley, CA). The 
variance formula used by StatView II is for an unbiased sample estimate, rather 
than for the population mean. The results are illustrated in Fig. 6. 

For the aj8 TCR, the CDR3 length distributions are significantly constrained 
and are about equal in length. This probably reflects the requirements for a and /3 
chains of the TCR to contact the bound peptide. For Ig, CDR3 lengths for the 
light chains are short and constrained but those for the heavy chain are long and 
variable. This may reflect the fact that Ig recognize a variety of different antigenic 
surfaces, from small molecules to large pathogens. Surprisingly, for the y8 TCR, 
the y chain is short and constrained and the 8 chain is long and variable. There-
fore, the yd TCR is more similar to that of Ig than that of aj8 TCR. This result 
further supports the finding that y8 T cells recognize antigens very differently 
from aj8 T cells. 
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FIGURE 6. CDR3 lengths of antigen-specific immune receptor chains. Histograms showing percent-
ages of CDR 3 sequences at given lengths in human chain families, hi, human Ig light chain; hh, 
human Ig heavy chain; ha, human a TCR; hj8, human /3 TCR; hy TCR; h6, human 8 TCR. 
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X. yd T C E L L S ^ B - C E L L - L I K E R E C O G N I T I O N P R O P E R T I E S , 

T - C E L L - L I K E S I G N A L I N G 

Although yd TCR as a group may be more Ig-Hke in antigen recognition proper-
ties, the intracellular signaling mechanism of yd T cells may be closer to that 
of ap T cells. In particular, yd TCR, like aj8 TCR, need association with CDS 
molecules for cell surface expression. Cross-linking of the engaged receptors is 
necessary for signaling. Cell surface antigens can be recognized as such, but rec-
ognition of soluble antigens such as the phosphate compounds requires an associa-
tion with certain surface molecules to achieve multivalency under physiological 
conditions. 

Another characteristic of antigen-specific a/3 T-cell stimulation is the require-
ment of a "second signal" through the "accessory" and/or "costimulatory" mole-
cules. It appears that yd T cells may also depend on two or more signals for full 
activation (Haas et al, 1993). However, yd T cells reside in a variety of different 
sites and express different types and quantities of surface molecules. It is conceiv-
able that they may have different activation requirements. 

XI. S I G N I F I C A N C E 

The results discussed above suggest that yd T cells can respond to antigens that 
are not recognized by a^ T cells, and that they are also able to respond to patho-
gens, damaged tissue, and cells directly and initiate immune response without the 
requirement for antigen processing or "professional" antigen-presenting cells. This 
would give yd T cells greater flexibihty than the more classical type of ajS T cell 
in mediating cellular immunity. 

An understanding of the rules underlying antigen recognition and the character-
istics of target antigens holds the key to understand yd T-cell function. The results 
discussed here are those of model systems but their extrapolations should provide 
an approach that may lead to a better appreciation of the roles of yd T cells in the 
immune system. 
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I. I N T R O D U C T I O N 

Intraepithelial lymphocytes (lEL) of the small and large intestine comprise a spe-
cialized immune compartment presumably geared toward surveillance of the intes-
tinal epithelial layer. One of the most intriguing aspects of lEL biology is the role 
of the thymus in their development (Lefran9ois and Puddington, 1995). Whereas 
the vast majority of non-IEL T cells are derived from precursors that have matured 
and been selected in the thymus, small-intestinal lEL have unique requirements 
for the thymus in completing their developmental program (Lin et al, 1993; Le-
fran9ois and Olson, 1994; Wang and Klein, 1994). However, whether there is an 
absolute necessity for the thymus in lEL maturation has been questioned. Thus, 
thymectomized, irradiated bone marrow or fetal liver-reconstituted (ATXBM) mice 
contain lEL (Lefran9ois et al, 1990; Mosley et al, 1990; Poussier et al, 1992). 
In the mouse, ap T-cell receptor (TCR) and yd TCR cells each comprise roughly 
50% of lEL (Lefrangois, 1991; Goodman and Lefran9ois, 1989) and both of these 
subsets are present in ATXBM mice. Moreover, CD8aa lEL, which contain yd 
TCR and ajS TCR lEL and have been touted as the extrathymic lEL component 
(Rocha et al, 1991), are produced in ATXBM mice but CDSajS aj8 TCR lEL are 
also generated (Poussier et al, 1992). More recently, Rocha et al (1994) showed 
that reconstitution of RAG2" '̂ mice with nude mouse bone marrow resulted in 
production of only CDSaa lEL expressing either TCR type but in significantly 
lower numbers than found in euthymic mice. Furthermore, congenitally athymic 
nude mice contain ~5-fold fewer yd TCR lEL and few ajS TCR lEL (Bandeira et 
al, 1990; DeGeus et al, 1990; Guy-Grand et al, 1991). Taken together, these re-
sults suggest that the thymus is required for CDSajS lEL production and that it is 
involved in efficient production of all lEL. The reasons why ATXBM mice pro-
duce all lEL subsets is unclear but could be due to influence of the thymus on the 
intestine prior to thymectomy or due to effects of radiation on T-cell development. 
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We have utilized neonatal thymectomy and thymus grafting as a means of 
studying the role of the thymus in lEL development (Lefran9ois and Olson, 1994). 
In the case of thymus grafting, we tested whether the thymus is capable of produc-
ing lEL, rather than asking whether removal of the thymus affects lEL maturation. 
Overall, the results demonstrate that the thymus plays a dual role in lEL develop-
ment: as a source of lEL precursors and as a source of as yet unidentified factors 
that aid lEL maturation. 

I I . MATERIALS AND M E T H O D S 

A. Mice 

C57BL/6J, Balb/cJ, and CB6F1 nude mice were obtained from Jackson Labora-
tories (Bar Harbor, ME). B6-Ly5.2 mice were obtained from Harlan. j82'^mice 
were originally obtained from Dr. Rudolph Jaenisch (MIT) and are bred in our 
facility. 

B. mAbs 

The following mAbs were used in this study: GL3, anti-yS TCR (Goodman and 
Lefran9ois, 1989); H57.597, mti-afB TCR (Kubo et al, 1989); 3.168, anti-CD8 
(Sarmiento et al, 1982); anti-CD4-PE (Becton-Dickinson, San Jose, CA); 
H35-17-2, anti-CD8)8 (Goldstein et al, 1982), anti-Ly5.1 and anti-Ly5.2 (Shen, 
1991). 

C. Neonatal Thymectomy 

Within 24 hr of birth mice were thymectomized using suction according to the 
protocol of Sjokin et al. (1963). 

D. Grafting and Reconstitution Studies 

Fetal and neonatal thymus lobes were grafted subcutaneously to adult nTx or 
SCID mice. B6-Ly5.2, C57BL/6J, or j82"/- (LyS.l) mice were used as graft donor 
or recipient which allowed distinction between host- and graft-derived cells. lEL 
and LN cells were isolated 4-8 weeks after grafting and examined by fluorescence 
flow cytometry. Day 19 fetal intestine or fetal thymus (from B6-Ly5.1 mice) was 
grafted subcutaneously into thymectomized, irradiated (1100 rad) (Balb/cXB6-
Ly5.2)Fi mice that had been reconstituted with T-cell-depleted bone marrow from 
B6-Ly5.2 mice. Grafting was performed 3 weeks after reconstitution. For reconsti-
tution of nude mice, (Balb/cXB6-Ly5.2)Fi Day 13 fetal liver was injected intrave-
nously into irradiated (1100 rad) (Balb/c X C57BL/6)Fi nude mice. 
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E. Isolation of lEL 

lEL were isolated essentially as described previously (Goodman and Lefrangois, 
1988). Briefly, the small intestines of individual mice were cut into 5-mm pieces 
and washed twice with medium. The washed intestinal pieces were then stirred at 
37°C for 20 min in medium with the addition of 1 mM dithioerythritol. This step 
was repeated, the resultant supematants were filtered rapidly through nylon wool, 
and the filtrate was centrifuged through a 44%/67.5% Percoll gradient. The cells 
at the interface of the Percoll gradient were collected and prepared for flow cytom-
etry. 

F. Isolation of LN Subsets 

Inguinal, brachial, cervical, and mesenteric lymph nodes were removed and pooled 
and single-cell suspensions were prepared using a tissue homogenizer. The prepa-
ration was filtered through Nytex and the filtrate centrifuged to pellet the cells. 

G. Immunofluorescence Analysis 

Lymphocytes were resuspended in PBS-0.2%BSA-0.1% NaN3 (PBS/BSA/NaN3) 
at a concentration of 1 X 10^-1 X 10^ cells/ml followed by incubation at 4°C for 
30 min with 100 lA of properly diluted mAb. The mAbs either were directly 
labeled with fluorescein isothiocyanate (FITC) and phycoerythrin (PE) or were 
biotinylated. For the latter, avidin-phycoerythrin (Av-PE) or avidin-Red 613 (Av-
R613; BRL Life Technologies, Gaithersburg, MD) were used as secondary re-
agents for detection. After staining, the cells were washed twice with PBS/BSA/ 
NaN3 and relative fluorescence intensities were measured with a FACScan (Bec-
ton-Dickinson). 

II I . R E S U L T S A N D D I S C U S S I O N 

In order to determine whether the thymus was necessary during early life for 
generation of lEL, mice were neonatally thymectomized (nTx). lEL and LN T 
cells were isolated 8 weeks later and analyzed for T cell receptor and coreceptor 
expression. Strikingly, y8 TCR lEL were greatly reduced in nTx mice (Fig. 1). As 
expected, few mature T cells were present in lymph nodes of nTx mice. In addi-
tion to yd lEL depletion, a population of CD8'^TCR~IEL was greatly increased 
in some nTx mice as compared to controls (Fig. 2). These results suggested that 
the thymus was providing signals to lEL or to the epithelium that were essential 
for normal yd and aj8 lEL maturation. The presence of putative immature lEL 
(TCR^°^ CD8+TCR-), which are also present in nude mice, further implies that 
the later developmental stages of lEL were occurring in the intestine. 

One interpretation of the result of nTx on the lEL compartment, particularly 
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FIGURE 1, Neonatal thymectomy blocks ySTCR lEL production. C57BL/6J mice were sham-oper-
ated (A) or thymectomized (B) within 1 day after birth. lEL were isolated 20 weeks later and reacted 
with phycoerythrin-coupled GL3 (anti-TCRyS). Relative intensities of individual cells were measured 
with a Becton-Dickinson FACScan. Gating using forward- and right-angle light scatter was used to 
include only the lymphocyte population based on staining with an anti-CD45 mAb (not shown). The 
bold vertical line in the histograms represents the demarcation between positive and negative staining 
as determined using an appropriately labeled irrelevant mAb. 

with regard to yd lEL, is simply that the thymus is the source of mature or imma-
ture lEL precursors (lELp). In order to test whether the thymus can produce lEL, 
we grafted fetal or neonatal thymus to immunodeficient hosts. B6-Ly5 congenic 
mice were utilized to allow tracking of graft- and host-derived cells. Grafting of 
B6-Ly5.1 neonatal thymus to B6-Ly5.2 mice resulted in production of a significant 
population of thymus-derived lEL (Fig. 3), as well as LN cells (data not shown). 
All ap TCR lEL subsets, including the so-called extrathymic subsets lacking Thyl 
and CD8/3, were generated from the thymus (Fig. 3; Lefran9ois and Olson, 1994). 
In addition, yd TCR lEL could be produced by the thymus. Although our original 
observations suggested that the early thymus could not produce yd lEL (Lefran-
9ois and Olson, 1994), the large number of grafted animals that we have now 
examined suggests that yd lEL can be produced by the thymus from early fetal to 
neonatal periods. However, the production of aj8 TCR lEL by thymus grafts al-
ways outweighs yd lEL production, sometimes exclusively. 

The ability to generate CD4~8'^ lEL from thymus grafts allowed us to deter-
mine whether intrathymic positive selection of lEL precursors (lELp) occurred 
(Fuller and Lefrangois, 1995). Thymus from B6-Ly5.2 MHC class I"̂  mice was 
grafted to B6-Ly5.1 /32'̂ " mice, which lack MHC class I, and graft-derived cells 
were detected by expression of Ly5.2 (Fig. 4). Due to a lack of positive selection 
by MHC class I, pX'- mice lack CD4-8+ ajS TCR lEL and LN T cells (Fig. 4). 
Therefore, when grafted with MHC class I"̂  thymus, if intrathymic selection of 
lELp occurs then we would expect to find CD4~8'^ lEL and LN T cells in the 
grafted animals. aj8 TCR lEL from unmanipulated p>2''' mice contained 11% 
a/3 TCR cells and these were primarily CD4+8+ and CD4 + 8" cells. Only 14% 
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FIGURE 2. A population of CD8"^ TCR~ lEL are present in nTx mice. lEL from sham-operated (A 
and B) or nTx (C and D) C57BL/6J mice were analyzed by three-color fluorescence flow cytometry 
for CDS, yd TCR, and a^ TCR expression. Cells were reacted with 3.168-FITC (anti-CD8), H57-PE 
(anti-ajS TCR), and GL3-biotin. The latter was detected with avidin-RED613 (BRL, Gaithersburg, 
MD). CD8^ cells to the right of the bold vertical line in A and C were analyzed for 76 TCR and a/3 
TCR expression as shown in B and D. 

of aj8 TCR lEL, which represented <2% of total lEL, were CD4"8+ and virtu-
ally all of these expressed the CDS a a homodimer. CD4~8'^ LN T cells were not 
detectable. These findings indicate that CD4"8+ aj8 TCR lEL required MHC 
class I for positive selection and conversely that CD4~8'^ lEL did not. The latter 
result suggested that these cells either were derived from CD4'^8~ lEL or perhaps 
were intermediates in lEL development. Thymus grafting resulted in an increase 
in a/3 TCR lEL to 60% of total lEL with the majority being graft-derived. How-
ever, graft-derived lEL, which were 90% a/3 TCR, contained only 5% CD4"8^ 
cells with the remainder largely CD4 + 8'̂  and CD4 + 8" (Fig. 4). In contrast, the 
thymus grafts produced CD%^ efficiently as well as CD4'^ LN T cells (Fig. 4). 
Similar results were obtained from analysis of many mice that have been grafted 
in this way. These results indicated that extrathymic MHC class I expression was 
necessary for positive selection of thymus-derived CD4~8"^ lEL. Alternatively, 
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FIGURE 3. Neonatal thymus contains precursors for a/3 TCR and ySTCR lEL. B6-Ly5.2 mice that 
had been neonatally thymectomized 6 weeks earlier were grafted subcutaneously with neonatal (<24 
hr old) thymus lobes from C57BL/6 (Ly5.1) mice. Six weeks later lEL were isolated and reacted with 
mAbs specific for LyS.l, CDS, and CD4 or ySTCR (GL3) and ajSTCR (H57). The Ly5.1+ cells were 
analyzed for either CD4 and CDS (upper right panel) or ySTCR and ajSTCR (lower right panel) by 
fluorescence flow cytometry. 

extrathymic MHC class I is necessary for expansion of thymus-selected lEL upon 
arrival in the intestine. We are currently testing this hypothesis. 

The controversy surrounding the involvement of the thymus in lEL develop-
ment stems in part from apparently disparate results in ATXBM mice and nude 
mice. The former contain lEL, whereas nude mice have low numbers of yb lEL 
and few, if any, aj8 TCR lEL. The results from nude mice would suggest that all 
aj8 TCR lEL and a large portion of yh TCR lEL are thymus-dependent. However, 
there has been some discussion of whether the nude mouse is a good model of 
extrathymic development. This is due in part to the possibility that an early thymic 
rudiment may influence limited T-cell development. Additionally, with regard to 
lEL development, it is possible that the nude epithelial defect extends to the intes-
tine. It is also possible that the absence of a thymus throughout life, as opposed 
to adult thymectomy, results in a long-term defect in nude mouse intestine that 
will not allow lEL development. In order to test this possibility we lethally irradi-
ated and reconstituted nude mice with Day 13 fetal liver. Again, only donor fetal 
liver-derived cells were analyzed (Fig. 5). Small numbers of CD4^8~ and 
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FIGURE 4. Lack of thymus-derived lEL positive selection in grafted j82"̂ ' mice. Six-week-old nTx 
C57BL/6 or C57BL/6-j82"^" mice were grafted subcutaneously with B6-Ly5.2 neonatal thymus. LN T 
cells and lEL were isolated 8 weeks later and analyzed by three-color fluorescence flow cytometry 
with mAbs specific for Ly5.2 and CD4 and CDS. Populations were gated on the Ly5.2^ subset and 
analyzed for CD4 and CDS expression. In the grafted mice >90% of the donor lEL populations 
expressed aj8 TCR. For the j82"̂ ' control the analysis was performed on ajS TCR^ cells. 

CD4~8^ lEL were produced as well as a population of CD4~8~ non-T cells. 
Thus, TCR analysis showed that —45% of lEL expressed either yb TCR or aj8 
TCR. The TCR~ population was not characterized further but contained ~15% 
slg"^ cells. Therefore, a significant population of non-T, non-B cells was produced 

CDS TCRap 

FIGURE 5. Reconstitution of lEL in nude mice. (Balb/c X C57BL/6)Fi nude mice were irradiated 
(1100 rad) and reconstituted with 1 X 10'̂  Day 13 (Balb/c X B6-Ly5.2)Fi fetal liver cells. Twelve 
weeks later lEL were isolated and fetal liver-derived cells (Ly5.2^) were examined for CD4, CDS, 
and TCR expression by fluorescence flow cytometry. 
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in these mice, which could represent lELp. These results indicate that the nude 
mouse intestine can support yd and aj8 lEL production, albeit limited. It should 
also be noted that in the absence of irradiation, no donor-derived lEL could be 
detected, despite the fact that few lEL are present in nude mice. This result indi-
cated that lELp contained in fetal liver do not develop in the absence of irradiation 
in these experimental systems; this is also true for adult bone marrow lELp. This 
may be due to an inability to home to the gut in the absence of intestinal damage 
by irradiation, the production of radiation-induced factors that impinge on T-cell 
production, or a requirement for precursors to occupy the bone marrow for com-
plete development. It should be noted that irradiation can induce immature thymo-
cytes to differentiate to the €04^8"^ stage and can also induce ^ TCR re-
arrangement in SCID mice (Danska et al, 1994; Zuniga-Pflucker et al, 1994). 
The potential untoward effects of radiation should be considered when discussing 
T-cell development in these model systems. 

The ability of the intestine to act as a surrogate thymus has been suggested by 
experiments using ectopic intestinal grafts (Mosley and Klein, 1992). In that sys-
tem, fetal intestine was grafted to irradiated, thymectomized, bone marrow-recon-
stituted mice. Curiously, 3 weeks after grafting with fetal intestine under the kid-
ney capsule or subcutaneously, an apparently normal complement of CD4 and 
CDS LN T cells appeared in these animals. T cells persisted in these mice for at 
least 11 weeks. Since the lEL compartment was not examined in that study, we 
sought to determine whether intestinal grafts could generate lEL. Our system was 
devised such that the source of all cells could be determined. Irradiated, thymecto-
mized (Balb/c X B6-Ly5.2)Fi mice were reconstituted with T-depleted bone mar-
row from B6-Ly5.2 mice. Three weeks later these mice received B6-Ly5.1 fetal 
intestine or fetal thymus grafts and 5 weeks after grafting lEL and LN cells were 
analyzed. Grafts were examined at the time of sacrifice and only mice in which 
the thymus or intestine grafts had obviously thrived were included in the analysis. 
Examination of lymphocytes for Ly5.1 and Ly5.2 expression simultaneously 
allows assignation of each cell to host, graft, or bone marrow derivation as shown 
in Fig. 6A. When ATXBM mice were grafted with fetal thymus, graft- and bone 
marrow-derived LN and lEL populations were detected. In LN, 15% of the cells 
were graft-derived and all expressed aj8 TCR (data not shown). Forty-five percent 
of lEL were graft-derived and the majority expressed a/JYCR, again demonstrating 
that the thymus can produce lEL. Neither LN or lEL from fetal intestine-grafted 
mice contained graft-derived cells, indicating that the fetal gut was not a source 
of T cell precursors. However, it is possible that gut-resident lELp were present in 
the graft but were unable to traffic out of the tissue following in situ development. 

In order to determine whether the presence of thymus or intestine grafts di-
rected T-cell development from bone marrow precursors, we examined TCR ex-
pression of the bone marrow-derived population (Fig. 6B). In fetal thymus-grafted 
mice, —11% of bone marrow-derived LN cells expressed aj8 TCR. This is a rea-
sonable percentage given that complete reconstitution in a normal mouse generally 
requires at least 8 weeks. This analysis was performed 5 weeks after grafting, so 
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FIGURE 6. Fetal intestinal grafts do not support T cell production. (Balb/c X B6-Ly5.2)Fi mice 
were irradiated and reconstituted with 2X10"^ T-cell-depleted B6-Ly5.2 bone marrow cells. Three 
weeks later, these mice received subcutaneous fetal thymus or fetal intestine grafts. Five weeks later 
lEL and LN cells were isolated and analyzed for Ly5.1, Ly5.2, and TCR expression by three-color 
fluorescence flow cytometry. (A) Expression of Ly5.1 and Ly5.2 on LN cells and lEL. (B) Expression 
of ap TCR on Ly5.1-Ly5.2+ LN cells from fetal thymus-grafted (FTG) or fetal intestine-grafted (FIG) 
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the time until engraftment (i.e., vascularization) should also be taken into account. 
In contrast to the results obtained with thymus-grafted animals, no T cells were 
present in LN cells from fetal intestine-grafted mice (Fig. 6B). Thus, we find no 
evidence that ectopic intestinal grafts can direct T-cell development in the periph-
eral or intestinal lymphoid tissues. 

The data now available indicate clearly that the thymus plays a pivotal role in 
lEL development. Removal of the thymus early in life disrupts severely the matu-
ration and/or expansion of lEL subsets. This defect is long-term, indicating that 
although bone marrow contains lELp, such cells are unable to generate lEL in the 
absence of a thymus. However, thymus-derived lELp can repopulate the intestine 
in this system. Nevertheless, our results suggest that lELp may leave the thymus 
prior to TCR rearrangement and undergo positive selection in the intestine (Fig. 4 
and Fuller and Lefran9ois, 1995). Although arguments can be made against the 
use of the nude mouse as a model for athymic T cell development, in the case of 
lEL these mice may provide a valuable lesson. In the apparent complete absence 
of thymic influence due to a congenital defect, few a^ lEL and low numbers of 
y8 lEL develop in vivo. In models in which the thymus is removed during adult-
hood and the animals are irradiated and reconstituted, a/3 lEL and yd lEL develop. 
Thus, taken in the extreme, either the thymus provides factors that induce compe-
tence in the intestinal epithelium (or elsewhere) which subsequently allows lEL 
development, or the animal models employed are faulty. In any case, the main 
question that now confronts us is whether the unique developmental pathway of 
lEL provides the basis for specialized, organ-specific immunity. 
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I. I N T R O D U C T I O N 

The mucosa-associated tissues including the gastrointestinal (GI) tract are covered 
by epithelial cells which are situated along the intestinal crypt/villus axis and as 
such represent a dynamic continuum of enterocyte function. The intestinal epithe-
lium represent a major surface of contact between ubiquitous environmental anti-
gens of the GI tract lumen and the underlying mucosal immune system. Epithelial 
cells in the crypt of the villus are rapidly proliferating and are less differentiated 
(Cheng and Leblond, 1974; Quaroni and Isselbacher, 1985). In contrast, epithelial 
cells at the tip of villus are differentiated as matured cells possessing absorptive 
and digestive functions. It has been shown that intestinal epithelial cells express 
MHC class II molecules (Scott et al, 1980; Bland, 1988) and can present soluble 
antigen to antigen-specific T cells (Bland and Warren, 1986; Mayer and Shlien, 
1987; Kaiserlian et al, 1989). These findings suggested that the epithelial cells 
could be an important antigen-presenting cell for controlling mucosal inmiune re-
sponses. Since a large number of CDS "̂  T cells reside in the intestinal epithelium, 
it is logical to investigate molecular and cellular aspects of cell to cell interactions 
between intraepithelial T lymphocytes and epithelial cells for mucosal immune 
responses. 

CDS ̂  T cells situated in the mucosal epithelium are commonly termed intrae-
pithehal lymphocytes (lELs). It has been estimated that one CDS"^ T cell can be 
found for every six epithelial cells (Ferguson and Parrot, 1972). Although lELs 
possess several unique characteristics when compared with CDS ̂  T cells in other 
organized systemic lymphoid tissues, a most profound feature of lEL is the occur-
rence of high numbers of yd T cells. Thus, it has been shown that 20-80% 
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of lELs expressed yd heterodimer chains of T-cell receptor (TCR) dependent on 
the age, strain, and microenvironment (Bonneville et al, 1988; Goodman and Le-
frangois, 1988; Mosley et al, 1991; Taguchi et al, 1991; Fujihashi et al, 1992). 
However, it is now generally agreed that approximately equal numbers of y8 and 
a 13 T cells are seen in lELs isolated from young adult mice (Mosely et al, 1991; 
Taguchi et al, 1991; Fujihashi et al., 1990). Despite the numerous attempts which 
have been made to understand thymic and extrathymic development of yS T cells 
in murine lELs, very little information is currently available regarding the biologi-
cal role of yd T cells. However, it was recently shown that intraepithelial yd T 
cells modulate growth and differentiation of epithelial cells (Boismenu and Ha-
vran, 1994; Komano et al, 1995). Thus, these yd T cells have been shown to 
produce keratinocyte growth factor which supports growth of cultured epithelial 
cells (Boismenu and Havran, 1994). Further, the disruption of TCR5 gene resulted 
in the reduction of epithelial cell turnover and the inhibition of MHC class II 
expression (Komano et al, 1995). These findings clearly demonstrated the impor-
tance of cell to cell interactions between mucosal T lymphocytes and epithelial 
cells for the intestinal immune system. In this chapter, we sunimarize our recent 
observations which describe molecular aspects of mucosal yd T cell and epithelial 
cell interactions via particular cytokines and their receptors. Further, we provide 
new evidence that mucosal yd T cells can influence the €04"^, a/3 T-cell depen-
dent IgA B-cell response. 

II . R O L E O F C Y T O K I N E S F O R T - C E L L G R O W T H 

AND ACTIVATION 

For the understanding of immunological function of intraepithelial yd T cells, it is 
important to examine the interaction between cytokine and cytokine receptor(s) 
for yd T cells. A large number of cytokines including IL-1, IL-2, IL-4, and IL-6 
have been shown to influence growth, activation, and proliferation of T cells (Wat-
son and Mochizuki, 1980; Mizel, 1982; Garman et al, 1987; Grabstein et al, 
1987). Among these cytokines, IL-2 was originally described as a T-cell growth 
factor which can support T-cell development directly without a requirement for 
other interleukins (Watson and Mochizuki, 1980). Although IL-7 was originally 
named as a pre-B-cell growth factor (Namen et al, 1988a,b) this 25-kDa interleu-
kin has been shown to augment anti-CD3 and lectin-induced proliferative re-
sponses of mature T cells (Chazen et al, 1989; Morrissey et al, 1989; Armitage 
et al, 1990). It was also shown that IL-7 play an important role in T-cell develop-
ment since IL-7-specific mRNA was detected in murine thymus (Namen et al, 
1988a). In addition, IL-7 induced proliferation of fetal thymic T-cell precursors 
and thymocytes (Conlon et al, 1989; Watson et al, 1989; Fabbi et al, 1992). 
Disruption of the IL-7 gene resulted in the 10- to 20-fold reductions of thymic 
and splenic T cells (von Freeden-Jeffry et al, 1995). These findings demonstrate 
that IL-7 is an important growth factor for T lymphocytes. It has been proposed 
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that IL-2 and IL-7 serve as complementary T cell activation factors for thymus-
derived yd T cells in addition to a/3 T cells (Okazaki et al, 1989). Furthermore, 
a combination of IL-2 and IL-7 induced high proHferative responses in peritoneal 
yd T cells isolated from L/^^^na-infected mice in the presence of peritoneal mac-
rophages (Skeen and Ziegler, 1993). Taken together, it was of interest to explore 
cytokine communication pathways by IL-2 and IL-7 as an essential element for 
cell to cell interactions between intraepithehal T cells and epithelial cells. 

III. E X P R E S S I O N O F IL-2R A N D IL-7R B Y M U C O S A L 

yd T C E L L S 

It was originally reported that yS T cells isolated from lEL are divided into two 
subsets based on the intensity of TCR expression (Tauchi et al, 1992). When we 
isolated CD3+ T cells from lEL of C3H/HeN mice for the analysis of yd TCR 
expression, two distinct populations of yd T cells were observed (Fig. 1). Forty to 
50% of CD3 "̂  T cells were yd T cells and contained approximately equal frequen-
cies of yd^'"^ (mean intensity of -300) and yd^"^^^' (mean intensity of -700) T 
cells (Table I). In order to characterize these two subsets of yd T cells, yd^'"^ and 
ĝBright J ^^iig ^gj.g purified by flow cytometry. An aUquot of yd^'"^ or yd^"^^^' T 

cells was then examined for the expression of IL-2 and IL-7 cytokine-specific 
receptors (R) since these two cytokines are thought to serve as complementary T-
cell stimulation and growth factors (as discussed above). When the expression of 
these cytokine receptors was examined in yd^^^ and yd^^^^^ lELs, the former T 
cells expressed both IL-2R and IL-7R (Fujihashi et al, 1996a). In contrast, yd^"^^^^ 
T cells did not express receptors for IL-2 or IL-7 (Fig. 1). This finding was further 
supported by the analysis of mRNA expression for IL-2R and IL-7R using reverse-
transcriptase PCR (RT-PCR). When RNA was isolated from intraepithehal yd^'"" 
or y6^"sht J ĝjjĝ  ^^^ examined for the respective cytokine receptor-specific PCR 
product, 700 and 302 bp of amplified messages which correspond to IL-2R and 
IL-7R, respectively, were found in the yd^'"^ T cells but not the yS^^s t̂ j ^^jj^ 
(Fig. 2). These results provided new findings that yd^^^ lELs constitutively ex-

TABLE I 

UNIQUE CHARACTERISTICS O F INTRAEPITHELIAL yd T LYMPHOCYTES 

yd T cells 

yd TCR^ '̂" 
yd TCR̂ "̂ *̂ ^ 

Mean intensity 
of TCR expression 

333 
702 

Cytokine receptor 
expression 

IL-2R IL-7R 

+ + 

Cytokine-induced T-cell 
proliferation (cpm)" 

IL-2 IL-7 IL-2 + IL-7 

33,880 27,720 123,200 
410 350 450 

''The levels of [^H]thymidine incorporated in controls (cells only) were 308 ± 50 cpm. 
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Expression of IL-2R and IL-7R 

IL-2R IL-7R 

FIGURE L Expression of IL-2R and IL-7R on yd T-cell subsets isolated from lELs. yd T cells 
isolated from murine intestinal lELs were separated into two fractions based on the intensity of 76TCR 
expression (e.g., yS^'"" and yS^"^^^ T cells). Row cytometry analysis revealed that the yS^™ T cells 
expressed both IL-2R and IL-7R while the yŜ "̂ *̂ * T cells did not. 

press both IL-2R and IL-7R, while yS '̂̂ sht j ^ ĵjg ^^ ^^^ harbor either receptor 
(Fujihashi et al, 1996a). 

rv. I N D U C T I O N O F D N A R E P L I C A T I O N I N I N T R A E P I T H E L I A L 

yd T C E L L S B Y I L . 2 A N D I L - Z 

Since yS^'"" T cells express IL-2R and IL-7R (Figs. 1 and 2), it was important to 
test if this subset of lELs responds to exogenous IL-2 and/or IL-7. In the initial 
experiment, different concentrations of recombinant murine IL-2 (rmIL-2) (0.1-
500 units/ml) and rmIL-7 (0.01-50 ng/ml) were added to the cultures containing 
CDS"^ IELS. Concentrations of 100 units and 5 ng per milliliter of recombinant 
IL-2 and IL-7 induced maximal proliferative responses. When splenic CD3"^ T 
cells and thymocytes from the same mice were tested under similar conditions, 
the former cells reacted to the high concentration of IL-2 (500 units/ml), while 50 
ng/ml of IL-7 was also necessary to induce proliferative responses in cultures 
containing thymocytes. These results demonstrated that CDS"̂  IELs were much 
more susceptible to stimulation signals provided by these cytokines than splenic 
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FACS profile RT-PCR Analysis 

.^^ 

78TCRD'm 

78TCRBright 
p - Actin (349 bp) 

IL-2R (700 bp) 

IL-7R (302 bp) 

FIGURE 2. IL-2R- and IL-7R-specific mRNA expression by mucosal yd T cells. When RNA was 
isolated from FACS-purified y6°̂ "̂  and y^^^^^ T cells and then examined by the respective cytokine-
specific reverse transcriptase-PCR (RT-PCR), 700 and 302 bp of messages which correspond to IL-2R 
and IL-7R were only detected in the yS"̂ ™̂ T cells. 

CD3"^ T cells and thymocytes. When y^^^ T cells were incubated with an opti-
mal concentration of IL-2 (100 units/ml) or IL-7 (5 ng/ml), high levels of T-cell 
proliferative responses were noted (Table I). Further, cocultivation with IL-2 and 
IL-7 provided a synergistic effect for proliferation of y^^^ T cells (Table I). On 
the other hand, yS^"^^^ T cells did not respond to either IL-2 or IL-7. These results 
indicated that intraepithelial 76 '̂"^ T cells expressing IL-2R and IL-7R respond to 
exogenous IL-2 and IL-7 and lead to the high level of DNA replication and cell 
proliferation (Fujihashi et al, 1996a). 

V, S O U R C E O F IL-2 A N D IL-7 F O R M U C O S A L yS T C E L L S 

Based on the results described above, IL-2 and IL-7 are essential cytokines for the 
activation and growth of intraepithelial y^^^ T cells in mucosal epithelia. How-
ever, an important question regarding the source of these two cytokines in mucosa-
associated tissues remains unanswered. One potential source of IL-7 for these mu-
cosal y5^ "̂̂  T cells could be the epithehal cells. In this regard, it was suggested 
that the sources of the IL-7-specific mRNA could be thymic epithelial cells and/or 
thymic stromal cells, since the production of this cytokine by thymocytes was 
equivocal (Henney, 1989; Fabbi et al, 1992). Our study further demonstrated that 
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murine intestinal epithelial cells express IL-7-specific mRNA (Fujihashi et al, 
1996a). It was recently shown that human epithelial cells were also capable of 
producing IL-7 (Watanabe et al, 1995). Taken together, cell to cell interactions 
between epithelial cells and y8^^^ lELs via IL-7 and IL-7R, respectively, could be 
an important cytokine communication for the activation of y8 T cells in the intesti-
nal epithelium. IL-2 produced by neighboring aj8 T cells in lELs would further 
augment IL-7-induced proliferation of y8^^"^ T cells. Our recent results showed 
that IL-2 message was detected in intraepithelial a/3 T cells (Fujihashi et al, 
1996a). Further, our previous study indicated that CD4 bearing afi lELs are capa-
ble of producing IL-2 upon stimulation via the TCR-CD3 complex (Fujihashi et 
al, 1993). Taken together, our findings suggested a triad of cell interactions among 
^̂ Dim J cells, epithelial cells, and aj8 T cells through IL-2R and IL-7R expression, 
and IL-7 and IL-2 synthesis, respectively, for the stimulation and development of 
ĝDim J ^gjjg -j^ ^Yic intestinal epitheUum (Fig. 3). 

VI. REGULATORY FUNCTION O F yd T CELLS 
FOR I G A R E S P O N S E S 

The mucosal immune system is a separate entity from the systemic immune sys-
tem and is regulated by different subsets of lymphoid cells. As described above, 
the intestinal epithelium contains large numbers of yd T cells in addition to afS T 
cells. In addition, the lamina propria of small intestine also consists of higher 
numbers of yd T cells when compared with systemic lymphoid tissues (Aicher et 

FIGURE J. Two phases of triad cell interactions among yd T cells, ajS T cells and epithelial cells 
for IgA B-cell responses. 
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al, 1992). Despite the fact that mucosal yd T cells possess several unique features 
(Kiyono and McGhee, 1994), the immunobiological functions of this T-cell subset 
remain to be determined. Our previous studies have suggested that mucosal yd T 
cells are essential regulatory T cells for the induction and maintenance of IgA 
immune response under the influence of systemic unresponsiveness induced by 
prolonged oral administration of large doses of protein antigens (Fujihashi et al, 
1990, 1992). When yd T cells from mucosal effector sites (e.g., lEL) of orally 
tolerized mice were isolated and adoptively transfered to syngeneic mice with oral 
tolerance, the abrogation of systemic unresponsiveness was noted (Fujihashi et al, 
1992). This finding was the first indication that mucosal yS T cells possess an 
ability to regulate IgA responses. In addition, it was recently shown that yd T cells 
specifically downregulate antigen-specific IgE responses (McMenamin et al, 
1994, 1995). To this end, the yd T cells from mice or rats intranasally immunized 
with a 1% ovalbumin (OVA) aerosol selectively suppressed OVA-specific IgE re-
sponses. These findings suggested that yd T cells may play an important role for 
the downregulation of the IgE response in contrast to the upregulation of the IgA 
response. 

Mutant mice lacking yd T cells have been produced by introducing germ-line 
mutations in the TCR6-chain gene (Itohara et al, 1993). These TCR6-chain-de-
leted mice could provide a useful model to elucidate the exact role of yd T cells 
for the induction and regulation of mucosal IgA immune responses. Thus, we 
initially examined possible effects of TCR6 gene disruption by characterizing total 
numbers of IgM-, IgG-, and IgA-producing cells in mucosal associated and sys-
temic tissues, and levels of IgM, IgG, and IgA titers in fecal extracts and serum 
obtained from TCR6"̂ " mice (Fujihashi et al, 1996b). When the frequency of 
IgM-, IgG-, and IgA-producing cells were compared between spleen of TCR5"̂ " 
mice and their background strains [(129 X B6)F2], essentially identical numbers 
of IgM and IgG producing cells were seen. However, the numbers of IgA secreting 
cells in mucosa-associated tissues such as intestinal lamina propria of TCR5"̂ " 
mice were significantly lower than in control background mice (Fujihashi et al, 
1996b). 

These observations were further confirmed by the assessment of fecal extracts 
and serum using isotype-specific ELISA. The level of IgA was reduced by approx-
imately —80% in fecal extracts obtained from TCR6 gene disrupted mice when 
compared with normal background mice. In addition, serum IgA titers in TCR6" '̂ 
mice were also reduced. These results suggested that the depletion of yd T cells 
resulted in the reduction of IgA synthesis but did not affect IgM and IgG isotypes. 
It has been shown that aj8 T cells with CD4 phenotype producing Th2 cytokines 
(e.g., IL-5 and IL-6) are an essential T-cell subset for the induction and regulation 
of IgA responses. To this end, a significant reduction in IgA synthesis was noted 
in anti-CD4-treated and athymic mice (Guy-Grand et al, 1975; Mega et al, 1991). 
The €04"^ T-cell-depleted mice harbored PP which were smaller with fewer ger-
minal centers as well as low numbers of IgA-producing cells in the intestinal LP 
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(Mega et al, 1991). Furthermore, our most recent and separate study showed that 
TCR "̂̂ " mice contain almost no mucosal IgA-producing cells (Fujihashi et al, 
manuscript in preparation). In order to maintain maximum IgA responses in mu-
cosa-associated tissues, a triad cell communication among yd T cells, CD4"^ aj8 
T cells, and IgA B cells may be a prerequisite (Fig. 3). 

VII. S U M M A R Y 

The results obtained by our study indicate that at least two phases of a triad of 
cell interactions are essential for the mucosal immune response. First, it was 
shown that epithelial cell-derived IL-7 and aj8 T-cell-secreted IL-2 are essential 
activation and growth signals for a subset of IL-7R- and IL-2R-positive yd T cells 
(Fig. 3). Thus, incubation of these intraepithelial yd T cells together with IL-2 and 
IL-7 resulted in high proliferative responses. For the second phase of cell interac-
tions, yd T cells play an important immunoregulatory function for Th2-type CD4 ̂  
ap T-cell-induced B-cell differentiation to IgA-producing cells. To this end, reduc-
tion of IgA-secreting cells was noted in TCR6 gene-disrupted mice. Thus, a triad 
cell interaction among yd T cells, afS Th2 cells, and IgA B cells is necessary for 
the maximum IgA responses (Fig. 3). 
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This chapter focuses on the behavior and properties of nonclassical class I mole-
cules expressed by mouse intestinal epithelial cells, and the possible role these 
molecules may have in the development and function of mouse intestinal intraepi-
thelial lymphocytes (lEL). 

I. l E L D I F F E R GREATLY F R O M O T H E R 

L Y M P H O C Y T E P O P U L A T I O N S 

It has been known for many years that mucosal T cells, particularly those in the 
intestinal epithelium, have a phenotype distinct from that of other T-cell popula-
tions (Lefrancois, 1991; Camerini et al, 1993). A partial list of some of the mark-
ers and other functional properties that distinguish mouse small-intestinal lEL 
from T cells in spleen or lymph node is presented in Table I. lEL in the large 
intestine share some features in common with those in the small intestine, al-
though there also are some significant differences between the two populations 
(Camerini et al, 1993; Ibraghimov and Lynch, 1994; Beagley et al, 1995; Boll et 
al, 1995). It is reasonable to suppose that intestinal epithelial cells are involved 

^ Current address: Division of Neonatology, Department of Pediatrics, University of Virginia, Char-
lottesville, VA 22908. 
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TABLE I 

PHENOTYPIC AND FUNCTIONAL PROPERTIES O F M O U S E 

SMALL-INTESTINAL I E L 

ajSTCR 
ySTCR 
CD4/CD8 ratio 
CDS aa 

homodimers 
CD4/CD8aQ: 

double positives 
CD28 

CD2 
Thyl 
CD69 
CD62L (L selectin) 
«Ei87 
pl50,95 
CDS 

CD45RBh^g^ 
CD4 + 
CD8 + 

Fresh cells are 
cytolytic 

Activated MAP-K 
TCR-induced 

proliferation 

Splenic T cells 

>95% 
< 5 % 

2.5-3 
Not detectable 

Not detectable 

>95% 

>95% 
>95% 

< 5 % 
90% 
< 5 % 
< 5 % 
80% 

40-80% 
40-80% 

-
-

+ (Vigorous) 

Small lEL^ 

50-60% 
40-50% 

0.1 
yd TCR: 90% 

a^ TCR: 30-50% 
Variable (4-30%) 

y8 TCR: Not detectable 
ajS TCR: 50-70% 

10-20% 
40-50% 

90% 
< 5 % 

80-90% 
>90% 

y8 TCR: Not detectable 
ajS TCR: 50-70% 

< 5 % 
90% 

+ 
+ 

± (Limited) 

'̂  Percentages for small intestinal IEL are only approximate, based upon the expe-
rience of the Kronenberg laboratory (Camerini et al, 1993, and unpublished 
data) and others in the field (Lefrancois, 1991; Rocha et al, 1995). The percent-
age CD2 ̂  IEL is for BALB/c mice; some other strains have a higher percentage 
of positive cells. The level of Thyl expression is heterogenous, making the 
distinction of positive from negative cells difficult. 

in part in the induction of the unique IEL phenotype. The recent demonstration 
that intestinal epithehal cells can produce several cytokines, either constitutively 
or following bacterial invasion (Eckmann et al, 1993), is consistent with the idea 
that epithelial cells are important for shaping the properties of IEL. Direct cell-
cell contact, through expression of molecules like E-cadherin, which interacts with 
the 0:̂ /37 integrin (Cepek et al, 1993), also is likely to be critical. 

Intestinal epithelial cells may influence the phenotype and behavior of mature 
IEL residing in the intestine. In addition the results from some experiments sug-
gest that IEL differentiate from immature precursors in the intestine itself (re-
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viewed in Rocha et al, 1995). There is also evidence to suggest that lEL recircu-
late little, if at all, once they are mature (Baca et al, 1987; Poussier et al, 1992). 
In summary, it is possible that the life history of many lEL, from the precursor 
stage to maturity, occurs entirely in the epithelial layer. If this were in fact true, 
then intestinal epithelial cells could influence the differentiation of lEL from im-
mature TCR precursors, as well as having effects on more mature cells. lEL are 
complex, however, and they are likely to contain several distinct cell lineages. 
Evidence that some lEL can arise not from an extrathymic intestinal lineage, but 
from circulating, post-thymic T cells in the lymph node and spleen, comes from 
studies of the transfer of alloreactive thoracic duct lymphocytes into normal recipi-
ents (Sprent, 1976). Furthermore, when transferred to immunodeficient scid/scid 
(scid) mice, spleen and lymph node T cells can reconstitute the lEL population. 
We have employed this latter system extensively, in order to study the phenotypic 
changes that occur when lymph node or splenic T cells enter the intestinal com-
partment. 

II. LYMPH N O D E AND SPLEEN CAN GIVE R I S E 

TO lEL IN SCID M I C E 

A. Expression of Homing Receptors and Activation Markers 

The experimental system we have employed involves the intraperitoneal (ip) in-
jection of >10^ lymphocytes from spleen or lymph node into scid mice. The 
donor-derived lymphocytes are analyzed by flow cytometry and functional assays 
at least 6 weeks later. We employ a semisyngeneic transfer, in which lymphocytes 
from (C57BL/6 X BALB/c) Fl mice are transferred into C.B-17 scid mice. The Fl 
mice are H-2''̂ '̂  heterozygotes at the MHC, while the C.B-17 mice are H-2'*, a 
congenic strain matched for BALB/c at most loci other than the Ig heavy chain 
locus. 

We have found that when transferred to scid recipients, unfractionated spleen 
and lymph node cells can extensively repopulate the host scid intestine, including 
lEL and lamina propria lymphocytes, with donor-derived T cells. In some but not 
all instances, the number of donor-derived T cells can be much greater than is 
found in normal, unmanipulated mice. It could be argued that this repopulation is 
largely artifactual, as a result of the "empty" lymphocyte compartment present in 
scid mice. Consistent with this hypothesis, the results from parabiotic mice suggest 
that T cells from lymph node and spleen enter the lEL compartment only in low 
numbers (Poussier et al, 1992). A striking finding from these transfer experiments, 
however, is that the phenotype of the donor-derived lymphocytes is similar to that 
of some normal lEL subpopulations. In contrast to the original donor population, 
donor-derived cells that have colonized the intestinal epithelium have high levels 
of the activation marker CD69 and the integrin a^^-j involved in epithelial cell 
adhesion. They also have low or undetectable levels of the lymph node homing 
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receptor L selectin (CD62L), and they proliferate poorly in response to TCR-medi-
ated signals (Sydora et al, manuscript in preparation). These data suggest that 
normal, peripheral T cells did not simply fill the intestinal compartments in an 
aphysiologic manner. 

There are small numbers of T cells in the starting population that express CD69 
and a^l^-j. It therefore is uncertain if the intestine is selectively inducing the expan-
sion of lymphocytes from a preexisting subpopulation, or if it is inducing a pheno-
typic conversion in T cells that started out without expressing markers such as 
CD69 and a^P^. The role of the epithelium in these processes of selective expan-
sion or differentiation is hkewise uncertain. 

B. CD4+ T Cells Acquire CDS under the Influence 
of the Intestinal Epithelium 

It is noteworthy that scid recipients of lymph node or spleen cells have relatively 
large numbers of donor-derived, CD4/CD8 double-positive lEL. This is observed 
even when the starting population consists of sorted, CD4"^ single-positive cells 
(Fig. 1), similar results have been published by others (Morrissey et al, 1995; 
Reimann and Rudolphi, 1995). The form of CDS expressed by these double-posi-
tive lEL consists almost entirely of CDS aa homodimers (Morrissey et al, 1995; 
Reimann and Rudolphi, 1995). These data argue for a true phenotypic conversion, 
at least with regard to this phenotype, rather than expansion of a preexisting cell 
population. The double-positive cells are detectable only in the epithelium of the 
small and large intestine; they cannot be detected either in the starting donor popu-

slEL sLPL 

CD4 

36.3 

L .- .J. . . ." 

H 

2.6 1 

m • • 

CD8 

FIGURE L CD4/CD8 double-positive mucosal T cells originate from CD4 T cells. C.B-17 scid mice 
were injected ip with sorted CD4^ spleen cells from (C57BL/6 X BALB/c)Fl mice, and the small-
intestinal lEL (sIEL) and lamina propria lymphocytes (sLPL) of recipient mice were analyzed for K^ 
(indicating donor origin), CD4, and CDS by three-color flow cytometry. Following the dispase treat-
ment needed to isolate LPL, CD4 and CDS levels tend to be lower. 
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lation or in donor-derived cells that have homed to extraintestinal sites such as the 
spleen (R. Aranda, unpublished observations). In addition, there is a much higher 
percentage of these cells in the intestinal epithelium than in lamina propria (Fig. 
1). Because this double-positive population is confined to the intestinal epithelium, 
these data strongly suggest that intestinal epithehal cells play an important role in 
the induction of CDS expression by CD4 single-positive T cells, and/or in the 
selection of these double-positive cells. Because CDS molecules are known to 
bind to the a3 domain of class I molecules (Salter et al, 1990), these data further 
suggest that class I molecules could be an important element in the postulated 
cross talk between lEL and epithehal cells. The class I molecules responsible for 
any such effect may be either classical class I molecules or nonclassical class I 
molecules which also interact with CDS (Teitell et al, 1991; Sanders et ah, 1991). 

III. E X P R E S S I O N O F N O N C L A S S I C A L C L A S S I M O L E C U L E S 

IN THE I N T E S T I N E 

The hallmark of nonclassical class I molecules is their lack of polymorphism. 
Several nonclassical class I molecules are expressed in the intestine (Hershberg et 
al, 1990; Bleicher et al, 1990; Blumberg et al, 1991; Wu et al, 1991; Wang et 
al, 1993). Some of these, such as the proteins encoded by the T10/T22 gene pair, 
are expressed at the mRNA level in nearly all tissues (Ito et al, 1990; Eghtesady 
et al, 1992). For two nonclassical class I molecules, the thymus leukemia (TL) 
antigen and mouse CDl (mCDl), the intestinal epithelium is a particularly promi-
nent site of expression. For the TL antigen, the small intestinal epithelium is the 
sole sight where this class I molecule is expressed in all inbred mouse strains, 
although some inbred strains also express TL antigen on thymocytes and some 
other bone marrow-derived cells (reviewed in Teitell et al, 1994). For mCDl, the 
results from immunohistochemical analysis indicate that intestinal epithelial cells 
are a major site of expression (Bleicher et al, 1990). Although the results of 
Western blot analysis do not support this conclusion (Mosser et al, 1991), Martin 
and colleagues were able to find mCDl expression in Paneth cells (Lacasse and 
Martin, 1992). The remainder of this article therefore will focus on the properties 
of the TL antigen and mCDl, and our attempts to relate their unique properties 
and the expression of these molecules in the intestinal epithelium to the develop-
ment of mouse lEL. 

IV. C D l AND TL A N T I G E N S T R U C T U R E 

Although the TL antigen and mCDl are both nonpolymorphic molecules ex-
pressed by intestinal epithelial cells, from a structural point of view they are quite 
different from one another. The TL antigen is encoded in the H-2T region of the 
MHC, on chromosome 17, by the T3^ gene in b haplotype strains, and by the T3^ 
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and the T18^ genes in d haplotype strains (Chomey et al, 1989; reviewed in 
Teitell et al, 1994). The number and organization of T-region genes in the MHC 
of different mouse strains differ. Therefore, in mouse strains expressing haplotypes 
other than H-2^ or H-2'*, the TL antigen is encoded by closely related (>95% 
sequence identity) alleles and pseudoalleles of T3 and T18^. It should be noted 
that the TL antigen, defined by a series of antisera and monoclonal antibodies, is 
quite divergent from several other H-2T encoded class I genes. Despite this, the 
products of some of these other genes, such as the TIO and T22 genes, unfortu-
nately are sometimes also called TL antigens. mCDl is encoded by a pair of 
closely related genes located on chromosome 3 (Bradbury et al, 1991) (Fig. 1). 
The two genes, CDl.l and CDL2, share approximately 90% sequence similarity 
for the a l and al domains (Bradbury et al, 1988; Balk et al, 1991a). Both the 
TL antigen and the mCDl protein molecules have the typical quartemary structure 
of an antigen-presenting class I molecule. They both form heterodimers at the cell 
surface in which a heavy chain of approximately 38-50 kDa interacts with the j82 
microglobulin (j82m) light chain. The extracellular portion of the heavy chain con-
sists of a l , a2, and a3 domains, the a l and a2 domains in the classical class I 
molecules form the groove in which the presented peptide resides (Bjorkman et 
al, 1987a,b). The TL antigen has features which suggest that, like classical class 
I molecules, it could present nanomeric peptides. The conservation in the a l and 
a2 domains is greater than 50% with classical class I molecules of the mouse, and 
those conserved class I amino acids that make hydrogen bond contacts with the 
peptide also are found in the TL antigen (Teitell et al, 1994). TL antigen alloreac-
tive T cells have been reported (Morita et al, 1994). At this time, however, there 
is no evidence that definitively shows that the TL antigen can bind and present 
peptides. In contrast to the structure of the TL antigen, the mCDl sequence does 
not show the presence of the conserved, class I peptide contact points, and mCDl 
is rather distantly related to classical class I molecules in the a l and a2 domains 
(Calabi and Milstein, 1986; Hughes, 1991). 

V. S U R F A C E E X P R E S S I O N O F T H E TL A N T I G E N A N D m C D l 
D O E S N O T R E Q U I R E TAP 

A. A Peptide Transporter Is Required for Surface Expression 
of Classical Class I Molecules 

In general, classical class I molecules can only be expressed in a native configura-
tion at the surface of the cell if intracellular heavy chain has bound j82m and 
peptide has been loaded into the groove (Elliott et al, 1991). The interactions of 
class I heavy chain with these two components occur in the endoplasmic reticulum 
(ER) of the cell before transport to the surface. Antigen processing occurs in the 
cytoplasm, and the cytosohc peptides generated by antigen processing are then 
transported into the ER for binding to class I molecules. This peptide transport is 
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mediated by the transporter for antigen processing (TAP) (Monaco et al, 1990; 
Spies and DeMars, 1991; Attaya et al, 1992; Yang et al, 1992). The TAP mole-
cule is an ABC-type transporter, and it permits the ATP-dependent movement of 
peptides from the cytosol to the ER. The transporter is a heterodimer encoded by 
two genes, TAP-1 and TAP-2, both located in the MHC (Monaco et al, 1990; 
Spies and DeMars, 1991; Attaya et al, 1992; Yang et al, 1992). Cells which lack 
one or both of the TAP gene products are not able to express class I molecules at 
the cell surface at 37°C, although the peptide-free class I molecules in TAP-defi-
cient cells are stable at lower temperatures (Ljunggren et al, 1990). 

B. Analysis of TL Antigen and m C D l Expression 
in TAP-Deficient Cells 

We used TL antigen {TIS"^ gene) and mCDl (CDl.l gene) expression constructs 
to transfect TAP-deficient cells, including TAP-2-deficient mouse RMA-S cells 
and TAP-1- and TAP-2-deficient Drosophila melanogaster tissue culture cells. Ex-
pression of the TL antigen and mCDl was not reduced by culture at the nonper-
missive (37°C) temperature when compared to the levels expressed following cul-
ture at room temperature (Holcombe et al, 1995). Figure 2 shows results from 
RMA-S transfectants that express the TL antigen: surface expression of K^ and D^ 
molecules encoded by endogenous genes was significantly affected by culture at 
37°C, while TL antigen expression levels were unchanged compared to the permis-
sive, lower temperature. Similar results for the TL antigen have been obtained by 
others (Rodgers et al, 1995). We also found mCDl expression is TAP-indepen-
dent in both RMA-S cells and insect cell transfectants (M. Teitell, H. Holcombe, 
A. Hagenbaugh, L. Brossay, M. J. Jackson, L. Pond, S. P. Balk, C. Terhorst, P. A. 
Peterson, and M. Kronenberg, manuscript submitted). The results of pulse-chase 
labeling studies support the flow cytometry data on TL antigen expression. The 
TAP mutation disrupted the normal trafficking of K and D molecules. In contrast, 
the TAP mutation in RMA-S cells did not alter the kinetics for the arrival of the 
TL antigen either at the Golgi apparatus or at the cell surface (Holcombe et al, 
1995). 

The TAP-independence of TL antigen and mCDl expression suggests that these 
class I proteins can be expressed as empty molecules on the cell surface, or alter-
natively, that they are loaded with peptide or some other ligand by a distinct 
pathway. It is logical to assume that invertebrate D. melanogaster cells lack any 
pathway specifically adapted for the loading of ligands into class I molecules, and 
therefore, that the mCDl and TL molecules expressed on the surface or secreted 
by these cells are mostly empty. It remains formally possible, however, that some 
pathway, which is not specific for the loading of class I molecules, is used for 
loading mCDl or TL antigen in these insect cells. An example of such a pathway 
is the TAP-independent generation of peptides in the ER by cleavage of the hy-
drophobic leader sequences from the N-termini of cell surface and secreted pro-
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FIGURE 2, Surface expression of the TL antigen is not affected by the absence of TAP function. 
Staining of TL antigen (775"̂ ) transfectants of TAP 2-deficient RMA-S cells for TL antigen and K '̂/D'' 
expression. Cells were cultured at the indicated temperatures, and the mean fluorescence units are 
indicated. Reproduced from the Journal of Experimental Medicine, 1995, 181, p. 1435, by copyright 
permission of the Rockefeller University Press. 

teins (Henderson et al, 1992; Wei and Cresswell, 1992), a process which takes 
place in all eukaryotic cells. We therefore carried out an extensive biochemical 
analysis of the soluble TL antigen/j82m complexes derived from insect cells. 
Bound peptides could not be detected by several methods including Edman degra-
dation of acid-eluted purified TL antigen, which should have contained peptides, 
sequence of the entire TL heavy chain/j82m complex prior to acid elution, and 
mass spectrometry (Holcombe et al, 1995). We conclude, therefore, that empty 
TL molecules, and perhaps mCDl molecules as well, can reach the cell surface 
where they are stably expressed. 

C. What Might "Empty" TL Antigen and m C D l Expression Mean 
for the Mucosal Immune System? 

The TAP-independence of surface expression of the TL antigen and mCDl distin-
guishes these nonclassical class I molecules from other class I molecules. This 
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leads to the speculation that this TAP-independence, and the likelihood that these 
two nonclassical class I molecules can leave the ER and reach the cell surface 
without bound ligand, is somehow connected with the speciaHzed function of these 
class I molecules in the mucosal immune system. There are several possible alter-
native speculations as to what such a specialized function in mucosal immunity 
might be. These are outlined in Figure 3. First, the TL antigen and mCDl could 
be involved in sampling or uptake of luminal peptides for their ultimate presenta-
tion to cells of the systemic immune system by classical antigen-presenting mole-
cules. For example, longer luminal peptides (symbolized by the adjacent black 
circles) could be taken up by mCDl, which binds long peptides (see below), and 
perhaps also by the TL antigen. These peptides could then be further processed in 
the epithelial cell to nonamers for presentation by classical class I (single black 
circle) or they could be represented by class II molecules. The peptides taken up 
by the epithelial cell in this way also could be transported across the epithelial 
cell into the lamina propria, and subsequently presented by either class I or class 

APICAL 

BASOLATERAL 

1. PEPTIDE CAPTURE MODEL 

f t LUMENAL PEPTIDE 

NONCLASSICAL CLASS I 

• 
lEL 

CLASS II CLASS 

2. CONVENTIONAL ANTIGEN PRESENTATION 

^ 
3. REDISTRIBUTED AND RECOGNIZED DURING STRESS 

FIGURE 3. Models for the function of TAP-independent class I molecules in the mucosal immune 
system. 
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II molecules expressed there. This sampling or uptake mediated by either the TL 
antigen or mCDl could play a role in the induction of immune responses, or in 
the induction of systemic oral tolerance to peptide antigens. If classical class I 
molecules are capable of presenting peptides originally brought into the intestinal 
epithelial cell by the TL antigen and mCDl, this would require the exit of the 
peptide from an endosomal compartment for entry of the peptide into a typical 
class I pathway for peptide presentation. Although this is not part of the standard 
model for class I presentation, macrophages have been shown to be capable of 
such a transfer, in that they can present endocytosed peptides in a TAP-dependent 
fashion (Kovacsovics-Bankowski and Rock, 1995). Peptide uptake for class II pre-
sentation also is possible, and it might make sense from a physiologic point of 
view, if the nonclassical class I molecules were expressed apically and class II 
molecules were not. In addition to expression on the apical surface, this model 
predicts a vesicular distribution of recycled TL antigen and mCDl in the epithelial 
cells, following endocytosis of peptide-TL or peptide-mCDl complexes. Second, 
the TL antigen and mCDl might be more directly involved in antigen presentation 
to resident lymphocytes in the intestinal mucosa. More than 75% of the intestinal 
intraepithelial lymphocytes (lEL) are CDS single-positive (Petit et al, 1985; Le-
fran9ois, 1991), and therefore most likely recognize peptide in the context of a 
class I molecule. It has been shown that the a3 domain of the TL antigen (Teitell 
et al, 1991) and mCDl (M. Teitell, H. Holcombe, A. Hagenbaugh, L. Brossay, 
M. J. Jackson, L. Pond, S. P. Balk, C. Terhorst, P. A. Peterson, and M. Kronenberg, 
manuscript submitted) can bind to CDS. In addition, the CDS"̂  T-cell population 
in the intestine contains subpopulations that are specific to this site, such as the 
V75 + 76 TCR+ lymphocytes and the TCR ap T cells that express CDS molecules 
composed of aa homodimers instead of the more typical CDS a^ heterodimers 
(Jarry et al, 1990; Lefrancois, 1991; Guy-Grand et al, 1991). Together with the 
site-specific expression of the TL antigen and mCDl, this suggests that a subset 
of lEL might be TL antigen- or mCDl-specific. Evidence for recognition of human 
CDld molecules by human CDS"^ lEL has been published (Balk et al, 1991b), 
but a direct analysis of the specificity of mouse lEL is hampered by the extreme 
difficulty in growing lEL in vitro (Mosley et al, 1991; Sydora et al, 1993). This 
model does not have any particular requirements concerning the origin of the 
peptide or other ligand presented, or the intracellular distribution of the nonclassi-
cal class I molecule. It does require either a basolateral localization of the TL 
antigen or mCDl on the cell surface, or a nonpreferential distribution in terms of 
basolateral and apical sides, as the lEL tend to be basolaterally located. Third, it 
is possible that the TL antigen and mCDl function as markers of epithelial cell 
stress, and that the presence or absence of bound peptides or other ligands either 
is not required or is irrelevant to their function. According to this model, the TL 
antigen and mCDl normally are located primarily apically, where they will be 
sequestered from basolateral lEL. Under conditions of stress or disruption of the 
epithelial cell tight junctions, apical TL antigen and mCDl would be exposed to 
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lEL, which might have T-cell antigen receptors that are "hard wired" to recognize 
one of these class I molecules. Such a model is consistent with the view that yS 
T cells that recognize MHC are not dependent on bound peptides (Schild et al, 
1994). This model predicts an apical locahzation in normal epitheUal cells and a 
relocalization under conditions of stress. 

VI. A STRUCTURAL M O T I F F O R P E P T I D E B I N D I N G TO m C D l 

A. Bacteriophage Peptide Display Libraries Can Be Used To 
Determine Class I Binding Motifs 

In an attempt to identify the structural requirements for peptide binding to mCDl, 
a bacteriophage peptide display library was screened with soluble mCDl mole-
cules. High levels of soluble mCDl-mouse /32 microglobulin complexes were 
produced in D. melanogaster cells (Castafio et al, 1995). These mCDl molecules 
were used to screen a codon-based, random peptide display library. Each M13 
bacteriophage in the random peptide display library contains a different 22-amino-
acid sequence at the mature N-terminus of the gene VIII coat protein. Forty-seven 
clones were selected from the library for their ability to bind mCDl. The align-
ment of the gene VIII N-terminal sequences of these selected clones shows a well-
defined sequence motif consisting of an aromatic phenylalanine or tryptophan 
amino acid at anchor position 1 in 100% of the clones, an amino acid with a long 
aliphatic side chain (isoleucine, leucine, or methionine) at position 4 in 80% of 
the clones, and a tryptophan in position 7 in 75% of the clones (see Table II). 
Anchor position 1 could be found at a variety of positions in the 22-amino-acid 
sequence, most commonly at amino acid 5. These results suggest that mCDl 
should have a peptide binding groove capable of binding the hydrophobic anchor 

TABLE II 

BINDING O F SYNTHETIC PEPTIDES TO mCDl ' ' 

T-cell 
Peptide Sequence Kj^ response 

. . . .1 . . 4 . . 7 
p7 ELVy^RNLRLWGYCMNLSNMPL 9.3X10"^ Not done 
pl l LSFDWSELRRWGTWAAAEVFEL 1.5 X10"^ 
pl8 YEKPWQNLWDWGAEAFKDLID 2.4X10"^ ± 
p99 YEHDFHHIREWGNHWKNFLAVM 1.5 X10"^ + 
p99Al YEHDAHHIREWGNHWKNFLAVM 2.0X10"^ 
p99A7 YEHDFHHIREAGNHWKNFLAVM 3.6X10"^ 

'̂  Anchor amino acids of the indicated synthetic peptides are in bold and the position numbers of the 
amino acids in the core binding motif are indicated on the top line. Cytotoxic T-cell responses of 
a line raised to a derivative of p99 are indicated. All data in the table are from Castaiio et al 
(1995). 
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amino acids of peptides. They further suggest that this groove, hke that of class II 
molecules, might be open at the ends and therefore capable of accommodating 
longer peptides. 

B. Synthetic Peptides Bind to Soluble m C D l Molecules 

In order to confirm that binding of phage gene VIII fusion proteins in the display 
library corresponds to actual peptide binding, we carried out competition binding 
studies in which inhibition of binding of soluble mCDl to ^^^I-labeled peptide p99 
was measured. As can be seen from the data summarized in Table II, each of four 
synthetic peptides, which are derived from the sequences of different phage clones 
selected from the library, could compete for p99 binding. The calculated binding 
constants for mCDl for these four peptides are approximately equivalent, in the 
range of 1.5-9.3 X 10~^ M. Additional experiments using variants of the prototypi-
cal p99 peptide confirmed the requirement for the anchor amino acids, and for a 
peptide length much longer than the peptides that typically bind to classical class 
I molecules (Castano et al, 1995). For example, as shown in Table II, alanine 
substitution of anchor position 1 or 7 causes a drastic decrease in mCDl-peptide 
binding. 

C. Peptide or Nonpeptide Ligands for C D l 

Recently it has been shown that human CD lb molecules can present nonpeptide 
ligands from bacteria, including lipids such as mycolic acids (Beckman et al, 
1994) and the lipoglycan lipoarabinomannan (LAM) (Sieling et al, 1995). Direct 
binding of these compounds to CD lb molecules has not been demonstrated, al-
though antigen presentation of nonpeptide ligands by CD lb is by far the most 
likely explanation for the T-cell functional studies that have been carried out. It is 
possible that the entire CDl family of molecules is adapted and conserved primar-
ily for the presentation of lipids. If this were true, peptide ligands capable of 
binding to mCDl were identified only because the starting material used was a 
peptide display library. This hypothesis would require that the hydrophobic motif 
for mCDl binding in some way mimics bacterial Hpids, a hypothesis which lacks 
experimental vaUdation at this time. Alternatively, it is possible that CDl mole-
cules bind a variety of hydrophobic molecules including peptides and nonpeptides. 
Finally, as suggested by others (Calabi et al, 1989; PorceUi, 1995), there may be 
two categories of CDl molecules. Type I molecules, including human CD lb, may 
bind primarily to lipids and glycolipids. Type two molecules, on the other hand, 
which include mCDl and its homolog human CD Id, may bind primarily to pep-
tides. In this regard, it should be noted that an evolutionary comparison of the a l 
and al domain sequences of CDl molecules justifies including the CD Id and 
mCDl-like molecules in one group and the CD la, CD lb, and CDlc molecules in 
another (Hughes, 1991; PorceUi, 1995). 
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VII. P E P T I D E - S P E C I F I C A N D mCDl-RESTRiCTED T C E L L S 

A. Peptide-Specific T Cells Are mCDl-Restricted 

To assess the immunologic relevance of mCDl-peptide binding, we raised peptide-
specific mCDl-restricted T-cell lines by immunizing C57BL/6 mice with mCDl 
transfectants of the RMA-S cell line. The RMA-S transfectant cells were pre-
loaded with a variant of the mCDl-binding p99 peptide (Castaiio et al, 1995). 
Lymph node or spleen cells were removed from the immunized animals and re-
stimulated in the presence of the peptide-loaded mCDl^ RMA-S cells. In this 
way, several peptide-specific and mCDl-restricted T-cell lines were generated. The 
responding cells are aj8 TCR"^, CDS ajS" ,̂ and they require both surface mCDl 
expression and antigenic peptide in order to respond to target cells. The response 
evoked includes cytotoxic T-cell activity (Castafio et al, 1995) and y-interferon 
release (Table III). The results of three experimental approaches argue that the 
response is truly mCDl-restricted. First, partial blocking of cytolysis could be 
achieved with a rabbit anti-mCDl antisera, but not with either control rabbit anti-
sera or with mAbs specific for K and D molecules expressed by the target cells 
(Castaiio et al, 1995). Second, recognition of mCDl plus peptide is not MHC 
restricted: b haplotype (RMA, RMA-S), k haplotype (L cell), and d haplotype 
(J774) targets that have been transfected with an mCDl expression construct and 
pulsed with the appropriate peptide all can be recognized. Third, the reactive T 
lymphocytes can be stimulated to release y-interferon by plate-bound mCDl in 
the presence of the appropriate peptide, which plate-bound mCDl alone did not 
stimulate (Table III). 

B. Peptide Bound to m C D l Is Recognized by T Cells 

We tested whether the mCDl-restricted T-cell lines were truly peptide-specific, or 
if they were just recognizing a conformational change in mCDl that might be 

TABLE III 

PEPTIDE-SPECIFIC AND mCDl-RESTRICTED T-CELL RESPONSES 

Antigen presenting cell 

RMA-S/CDl 
RMA-S/CDl 
J774/CD1 
None 
None 

Plate-bound 

cor 
None 
None 
None 

+ 
+ 

p99a 
peptide 

+ 
None 

+ 
None 

+ 

y-Interferon 
(units/ml) 

63.8 
4.9 

48.6 
1.6 

33.1 

"Tissue culture wells were coated with the 7F11 mAb that recognizes the influenza virus 
hemagglutinin (HA), and then with soluble mCDl molecules from insect cells that 
have a carboxyl terminal HA epitope tag. 
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caused by the binding of any peptide with adequate affinity for mCDl. We assayed 
a T-cell hne raised against a p99-related peptide for its ability to react with 
mCDl'^RMA-S targets that were loaded with either pl l or pl8. The sequences of 
these peptides and the results are summarized in Table II. All three peptides, p l l , 
pl8, and p99, have a good anchor motif, although they have little other sequence 
in common, and the affinity of all three peptides for mCDl is similar (Table II). 
Despite this, the pl l synthetic peptide did not stimulate the lytic activity of 
mCDl-reactive T-cells, while pi8 had a low degree of cross-reactivity (Castano et 
al, 1995). In addition, when mCDl^RMA-S cells were first prepulsed with p l l 
and then given a p99-related peptide, the recognition of p99 presented by mCDl 
was greatly reduced. The results provide support for the idea that all of the pep-
tides bind to the same site on mCDl. In addition, they suggest that peptide-mCDl 
recognition is similar to peptide-class I or -class II recognition, and that in addi-
tion to anchor amino acids that contact the mCDl molecule, other amino acid 
side chains of the peptide may make important contacts with the mCDl-restricted 
TCRs. 

C. CDl Autoreactive T Cells 

An additional group of T cells in the mouse, those that express the NKl.l surface 
marker, appears to be autoreactive for mCDl (Bendelac et al, 1995). Unlike the 
peptide-specific cells described above, NK 1.1"̂  T cells are either CD4^ or CD4/ 
CDS double negative. This distinct population of T cells requires /32m but proba-
bly not TAP for its development (Adachi et al, 1995). The NK 1.1+ T cells 
are selected by thymocytes or some other hematopoietic cells rather than thymic 
epithelium (Bendelac et al, 1994; Ohteki and MacDonald, 1994; Adachi et al, 
1995), they express relatively invariant TCRs composed of a V/32, V/37, or V/38.2 
P chain and a Val4-Ja281 a chain (Adachi et al, 1995), and they stimulate 
prodigious quantities of IL-4 following stimulation (Yoshimoto and Paul, 1994). It 
has been shown that several hybridomas from this population respond to CD 1.1 
transfectants, and that a bulk population of NKl.l"^ thymocytes had a similar 
reactivity (Bendelac et al, 1995). These data, combined with the relatively limited 
TCR repertoire of these cells, lead to the suggestion that most NKl.l + T cells are 
CDl autoreactive. It is not known if a particular ligand, peptide or nonpeptide, 
must be bound by CDl for this reactivity to occur. 

Cardell and co-workers have identified another group of seven mCDl-specific 
T cells by analyzing T-cell hybridomas made from the relatively small number of 
CD4'^ T cells remaining in the periphery of class Il-deficient mice (Cardell et al, 
1995). Some (>15%) of the residual CD4+ T cells in class Il-deficient mice ex-
press NKl.l (Cardell et al, 1995), and like the NKl.l + T cells described by 
Bendelac and co-workers (1995), seven of the large group of T-cell hybridomas 
derived from this population are apparently mCDl autoreactive. The TCR V re-
gions expressed by the CDl-autoreactive T cells are diverse, and they do not 
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include the ones typical of the NK 1.1 population in normal mice. These data 
suggest that the population of CD4^ and double-negative mCDl-reactive T 
cells normally is a complex one, containing cells that express a predominant TCR 
and cells that express diverse TCRs. Alternatively, the population analyzed by 
Cardell et al, (1995) may for some reason only be found in class Il-deficient 
mice. 

VIII . M U C O S A L L Y M P H O C Y T E S S H O W U N I Q U E 

R E Q U I R E M E N T S F O R T H E I R S E L E C T I O N 

A. Expression of the TL Antigen and mCDl Does Not Require 
TAP but Does Require i82m 

The experiments described in the preceding sections show that the TL antigen and 
mCDl do not require functional TAP molecules for surface expression. In addition 
they show that mCDl molecules are antigen-presenting molecules that can present 
a class of peptides that are distinct from those presented by classical class I mole-
cules, on account of both their length and their highly hydrophobic anchor motifs. 
Conspicuously absent, however, are any data showing that either of these mole-
cules is important for the development of lEL. The difficulty in stimulating lEL 
to proliferate in vitro (Mosley et al., 1991; Sydora et al., 1993) has resulted in an 
inability to raise mouse lEL-derived cell lines of defined specificities. We therefore 
took a genetics-based approach to determine if nonclassical class I molecules are 
necessary for lEL development. Thymocytes from class I-deficient mice, includ-
ing pim'- and Tap V'- mice (Koller et al, 1990; Van Kaer et al, 1992), were 
analyzed for surface expression of nonclassical class I molecules by flow cytome-
try. By this assay, we found that expression of both the TL antigen and mCDl is 
highly dependent on the presence of j82m (B. C. Sydora, L. Brossay, A. Hagen-
baugh, M. Kronenberg, and H. Cheroutre, in press). Similar results were obtained 
when RLE, a j82m variant of the TL'^Rl.l cell line, was analyzed for TL-antigen 
expression (Hyman and Stallings, 1976), or when these j82m-deficient RLE cells 
were transfected with an mCDl expression construct and analyzed for surface 
CDl expression (M. Teitell, H. Holcombe, A. Hagenbaugh, L. Brossay, M. J. Jack-
son, L. Pond, S. P. Balk, C. Terhorst, P. A. Peterson, and M. Kronenberg, submit-
ted for publication). In contrast, previously published data on human CD Id and 
mCDl suggested that these molecules were at least partly jS2m-independent (Balk 
et al, 1994). This discrepancy may depend on the cell type analyzed, as the cells 
that did not require j82m for detectable CDl expression include intestinal epithelial 
cells and melanoma cells (Balk et al, 1994), while thymocytes clearly do require 
j82m for surface CDl expression. In TAP"̂ " mice, the levels of TL antigen and 
mCDl expression on thymocytes were not reduced compared to wild-type mice. 
This result also agrees with the results from the analysis of transfectants of TAP-
deficient cells as outlined in Section V. In summary, unlike classical class I mole-
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cules, in vitro and in vivo expression of the TL antigen and mCDl does not require 
TAP, although it either absolutely requires /32m (TL antigen), or requires it to a 
significant extent (mCDl). 

B. Some ap TCR+, CD8+ lEL Do Not Require 
TAP for Their Development 

Given that the surface expression of the TL antigen and mCDl does not require a 
functional TAP molecule, while surface expression of classical class I molecules 
does, we tested if the development of lEL is likewise TAP-independent. A previous 
analysis of lEL in j82m'̂ " mice showed that a^ TCR"^, CDS single-positive lEL 
were virtually absent in these mice, including those lEL that express CDS aa 
homodimers and those lEL that express CDS a^ heterodimers (Correa et al, 
1992). The numbers of yd TCR+, CDS+ lEL were not affected in j82m-/- mice 
(Correa et al, 1992). If some a/3 TCR"̂  CDS single-positive lEL depend on either 
the TL antigen or mCDl for their development, then they should be present in 
TAP-deficient mice. This is exactly what was found (B. C. Sydora, L. Brossay, A. 
Hagenbaugh, M. Kronenberg, and H. Cheroutre, in press). As shown in Table IV, 
in the lymph node of either j82m'̂ ' or TAP "̂" mice, appreciable numbers of CDS-
positive T cells cannot be found. In contrast, there is a significant population of 
ajS TCR"^, CDS single-positive lEL only in the TAP-deficient mice, but not in 
j82m-deficient mice. Compared to control mice, TAP '^~ mice have 16% the normal 
number of af3 TCR"^, CDS single-positive lEL, while j82m"̂ " mice have 1% the 
normal number (B. C. Sydora, L. Brossay, A. Hagenbaugh, M. Kronenberg, and 
H. Cheroutre, in press). These TAP-independent lEL are predominantly but not 
exclusively CDS aa^, and they express a diverse repertoire of TCRs not enriched 
for those Vj8 genes characteristic of the mCDl-autoreactive NKl.l"^ T-cell popu-
lation. 

These data implicate a requirement for either TL antigen or mCDl expression 
for the development of lEL. There are, however, alternative interpretations for the 
presence of ajS TCR"^, CDS single-positive lEL in TAP-deficient mice. For exam-

TABLE IV 

T-CELL POPULATIONS IN CLASS I-DEFICIENT M I C E 

Mouse Strain 

Control (« = 5) 
j82m-/-(« = 5) 

Lymph node 

20 ± 3 
0.3 ± 0.2 
0.8 ± 0.2 

ajS TCR+, CD8+ 

lEL 

31 ± 2 
1 ± 1 
7 ± 2 

75TCR+ lEL 

35 ± 9 
54 ± 6 
45 ± 9 

Note. The percentage positive cells for the indicated populations, ± standard devi-
ation, is indicated. 
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pie, the positive selection of lEL might require only very low levels of classical 
class I molecule expression. Using flow cytometry, we could not detect surface 
expression of K^ on cells from either mutant mouse strain, but there are some data 
suggesting that the level of expression is slightly higher in TAP'̂ ' mice than in 
/32m"̂ " mice. It also could be hypothesized that the level of class I expression is 
less critical for lEL development than the type of peptides or other ligands bound. 
For example, the selection of lEL could be dependent on peptides loaded into 
classical class I molecules by a TAP-independent pathway, such as the cleavage 
of hydrophobic leader peptides in the ER (Henderson et al, 1992; Wei and Cress-
well, 1992). 

C. Do Double-Positive lEL Require Class I Molecules? 

A second, striking result from comparison of the lEL in pim'' and TAP"̂ " mice 
came from analysis of the a^ TCR^ CD4/CD8 double-positive population. This 
population was unaffected by the TAP mutation, but surprisingly, the numbers of 
CD4/CD8 double-positive cells were reduced 10-fold in j82m'̂ " mice. The double 
positives may be precursors of mature single-positive lEL which are developing 
in the gut. In this case, by analogy with the double-positive thymocytes, one would 
not predict that the either j82m or TAP deficiency would have an effect on double-
positive lEL number. However, if precursors are being selected in the intestine, 
different rules may apply than for the thymus. A second view holds that the dou-
ble-positive lEL arise from conventional, thymus-derived, CD4'^ single-positive T 
cells that have homed to the gut and acquired CDS under the influence of the 
intestinal milieu. Consistent with this, as noted above, some CD4 single-positive 
T cells acquire CDS aa homodimers in the intestinal epithelium following transfer 
to scid recipients (Morrissey et al, 1995; Reimann and Rudolphi, 1995). It is not 
known why the absence of j82m but not the absence of TAP would have an effect 
on the number of these cells, although it is possible that interaction of CDS aa 
with TAP-independent class I molecules in the gut gives the double-positive lEL 
a signal that increases their survival time or time of residence in the intestine. 

IX. C O N C L U S I O N S 

In summary, lEL have a phenotype that is distinct from other T-cell populations, 
and these lymphocytes may be the product of a separate, thymus-independent lin-
eage. If such a lineage exists, it would be likely that the intestinal epitheHum plays 
a major role in its development. It is also possible, however, that some lEL are 
derived from thymus-derived T cells. This is evidenced by the ability of conven-
tional CD4^ cells to home to the gut epithelium in scid mice, and to acquire 
characteristics of the T cells that normally reside in the intestine. The acquisition 
of some markers by these cells, such as the expression of CDS aa homodimers, 
is highly specific to lEL, implicating a role for the epithelial cells in inducing this 
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phenotypic change in T cells. It is reasonable to speculate that class I molecules 
in the gut may play a role in the induction or the selection of gut cells expressing 
CDS. 

We have shown that nonpolymorphic class I molecules expressed in the intes-
tine have unique properties, most notably, their lack of a requirement for TAP in 
order to be expressed on the cell surface. This lack of a TAP requirement may 
provide some insight into the specialized function of the TL antigen and mCDl in 
the mucosal immune system. We also have demonstrated that mCDl can function 
as an antigen-presenting molecule, and that it presents peptide antigens distinct 
from those presented by classical class I molecules. 

Evidence that the TL antigen and/or mCDl are important restriction elements 
for lEL is only indirect, and as discussed in Section V, these class I molecules 
could have other functions, such as transport of luminal peptides into epithelial 
cells, or they could be recognized directly in a peptide-independent fashion by yS 
lEL or some other population. It is notable that a population of afS TCR"^ CDS 
single-positive lEL requires /32m but not TAP, similar to the requirements for 
surface expression of the TL antigen and mCDl. These data definitively establish 
that the requirements for the selection and/or accumulation of these a/3 TCR"^ 
CDS lEL in the intestine are distinct from those for other afS TCR"^, CDS popula-
tions in spleen and lymph node. In addition, although only correlative, the data 
strongly implicate a role for nonclassical class I molecules in the development of 
these lEL. 
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I. I N T R O D U C T I O N 

The gastrointestinal immune system is organized to permit efficient and effective 
transfer of lumenal information resulting in an appropriate immune response. An 
"appropriate" intestinal immune response can be defined loosely as one that pro-
tects against pathogens while allowing the absorption of complex nutrients without 
injury to the epithelium. The complex regulation of intestinal mucosal lympho-
cytes which maintains this precarious balance is still being elucidated. This chapter 
highlights unique aspects of T-cell regulation within the lamina propria lympho-
cyte (LPL) compartments as compared with lymphocytes in the periphery and 
intraepithelial lymphocytes (lEL). In general, LPL are thymically derived, highly 
activated lymphocytes with predominantly T-helper 2 (Th2) cell phenotype. LPL 
activation is distinct from that of classical memory T cells in their CD2/CD28 
predominance which likely contributes to limiting T-cell receptor (TCR)/CD3-me-
diated signals in the mucosa. Antigen (Ag) presentation in the gut may involve 
nonclassical, nonpolymorphic class I-like molecules expressed by epithelial cells 
which may positively select extrathymically derived lymphocyte populations as 
well as tolerize self-reactive lymphocytes. These special features of the mucosal 
immune system are integrated to downregulate immune responses to ubiquitous 
lumenal Ags. 

11. O R G A N I Z A T I O N OF GALT 

As is true of the bowel wall, the mucosal immune system, also known as gut-
associated lymphoreticular tissue (GALT), can be divided into layers. The first 
layer consists of lEL which reside within the epithelium itself, above the basement 
membrane. Beneath this layer, in the lamina propria located between the epithe-
lium and submucosa, reside the LPL. Finally, the afferent limb of the gastrointesti-
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nal immune system consists of organized lymphoid tissue in the form of Peyer's 
patches (PP) found predominantly in the small bowel and appendix, solitary 
lymphoid nodules present in the colon and ileum, and mesenteric lymph nodes 
(MLN) (James, 1991). The phenotype and function of the LPL compartment is 
addressed first in this chapter, followed by a discussion of unique features of the 
intestinal immune system involving several components of GALT. 

III . P H E N O T Y P E O F L A M I N A P R O P R I A T C E L L S 

The study of both human and murine LPL has been facihtated by methods of 
enzymatic digestion of freshly isolated intestinal mucosa (Comer et al, 1986; Van 
der Heijden and Stok, 1987). LPL are approximately 40 to 90% T cells and of 
those approximately 65 to 80% of CD3^ cells are also CD4+ (Beagley and Elson, 
1992) (see Table I). The ratio of CD4+ to CD8+ cells in the lamina propria is 
similar to that found in peripheral blood (65 to 35%) (James et al, 1986; James, 
1991; Senju et al, 1991). In contrast to the extrathymic derivation of lEL, lamina 
propria T-cell ontogeny involves the thymus followed by induction in the PP and 
the lymphoid foUicles within the mucosa. Naive T cells enter mucosal lymphoid 
follicles, encounter Ag, enter the peripheral circulation, and home back to the 
lamina propria (Jalkanen et al, 1989; Jalkanen, 1991; Zeitz et al, 1991). 

As in peripheral blood (PB), approximately 95% of the T cells bear an aj8 TCR 
complex (Ullrich et al, 1990; Fujihashi et al, 1994). Compared to the 40% of 
lEL that express the yd TCR, only 3% of CD3+ LPL express this form of TCR 
(Ullrich et al, 1990). Although peripheral blood lymphocytes (PEL) and LPL 
share several common phenotypic features, LPL differ in their apparent matura-
tional state compared with PEL. Cell surface markers and functional assays dem-

TABLE I 

PHENOTYPIC MARKERS O F INTRAEPITHELIAL LYMPHOCYTES 

AND LAMINA PROPRIA LYMPHOCYTES COMPARED WITH PERIPHERAL 

B L O O D LYMPHOCYTES 

Cell surface markers 

CD4 + 
CD8 + 
ajSTCR 
ySTCR 
HML-1 {a^fi' + ) 
CD25 (a-chain IL-2R) 
CD45R0+ 
CD45RA+ 

lEL (%) 

15 

15 

20 
80 
50 
50 
90 

-30 
85 

-20 

LPL (%) 

65 
35 
95 
3 

30-40 
15-30 
65-95 
10-22 

PBL (%) 

65 
35 
95 

3 
0 

< 5 
30-50 
60-90 

Note. References: (James et al, 1986; Cerf-Bensussan et al, 1987; James, 1991; 
Senju et al, 1991; Schieferdecker et al, 1992; Targan et al, 1995). 
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onstrate that CD4"^ lamina propria T cells are predominantly of memory pheno-
type. Approximately 66-96% of LPL express the CD45RO form of the CD45 
molecule with the minority (10-22%) expressing the CD45RA form. This pattern 
is consistent with these T cells being of "memory" phenotype (Schieferdecker et 
al, 1990; Senju et al, 1991; Targan et al, 1995). By contrast, CD45RO is ex-
pressed on 30-50% of PB T cells and CD45RA on 30-50%, suggesting an even 
distribution of memory and naive phenotypes. Both CD45RO"^ lamina propria and 
PB T cells express CD2 and its hgand CD58 (Schieferdecker et al, 1992). Targan 
et al, (1995) have found a slight increase in CD2 receptor number on LPL com-
pared with PBL. 

Approximately half of the CD8^ lamina propria subset express the CD28 mole-
cule associated with cytolytic function (James et al, 1986). This is similar to the 
percentage found in PB CD%^ cells. The percentage of CD8'^ LPL expressing the 
CD 11 phenotype associated with suppressor-effector function is the same or lower 
than PBL (James et al, 1986; 1987). Thus, lamina propria T cells differ from PB 
T cells in having predominantly the phenotypes of memory and cytolytic T cells. 
These characterizations of T cells should be readdressed more precisely in the 
context of T-lymphocyte cytokine production, i.e., Thl-, Th2-, and ThO-like sub-
sets. 

A. Lamina Propria Lymphocytes Express a Higher Percentage 
of Activation Markers 

Compared with PB lymphocytes, lamina propria T cells more frequently express 
cell surface markers associated with activated cells. This finding is probably the 
result of the continuous antigenic and mitogenic challenge of the intestinal envi-
ronment. Studies of lamina propria T cells from monkeys compared with PB lym-
phocytes, splenic lymphocytes, and mesenteric lymphocytes reveal that LPL ex-
press a significantly higher percentage of interleukin-2 receptor-positive (IL-2R"^) 
cells as well as messenger RNA for IL-2R (Zeitz et al, 1988; Schieferdecker et 
al, 1990, 1992). Both CD4+ and CD%^ lamina propria T cells demonstrate this 
increased IL-2R expression. Exogenous IL-2 causes increased proliferation of lam-
ina propria T cells compared with other lymphocytes and increased helper function 
by CDA^ cells but does not enhance CD^^ suppressor function. This finding 
suggests that suppressor function may be regulated differently than helper function 
(James and Graeff, 1987). Again, these studies do not address differences in cytok-
ine secretory patterns such as an upregulation of Th2 compared with Thl re-
sponses. 

Other activation markers found on lamina propria T cells include MHC class 
II, transferrin receptors, and the 4F2 lymphocyte activation antigens (Zeitz et al, 
1988; Peters et al, 1989; Schreiber et al, 1991; Senju et al, 1991). Approxi-
mately 40% of LPL express the o^0^ integrin recognized by the HML-1 mAb 
(described below). Although not normally expressed on PBL, 0^0^ can be induced 
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on PB T cells by mitogens, phorbolester, Ag, and rIL-2, again suggesting that T-
cell activation leads to expression of this Ag (Schieferdecker et al, 1990). More 
recently, TGFj8 has been shown to increase expression of oF'0^ (Kilshaw and 
Murant, 1991; Parker et al, 1992). Thus, o^0^ seems to be an additional activa-
tion marker found on a subset of previously activated T cells in the lamina propria 
which can be induced in vitro by different activation signals on PBL. 

B. Homing of Lymphocytes to the Lamina Propria 

Unlike PBL and lEL, the nature of the ligand-receptor interactions directing LPL 
to home back to the mucosa is unclear. Flow cytometric analysis of human lamina 
propria T cells reveals that the majority of CDA^ cells are negative for expression 
of the primate homolog of MEL-14, the Leu-8 antigen (James et al, 1986; James 
et al, 1987; Kanof et al, 1988). MEL-14 serves as a murine homing receptor for 
peripheral lymph nodes and is expressed on a majority of PBL; thus, Leu-8-ex-
pressing lymphocytes are diverted to peripheral nodes rather than the mucosa 
(Berg et al, 1991). The CD45RO"^ LPL subset has diminished expression of 
CD29, the j8 chain of VLA antigens, and CD 11 a/CD 18, a and /3 chain of LFA-1, 
compared with PB T cells (Schieferdecker et al, 1990, 1992). Thus, the pheno-
typic features commonly attributed to classical memory cells in the periphery are 
modified for the specialized function of lamina propria T cells. 

A recognized marker found on more than 90% of human lEL is the Ag recog-
nized by the human mucosal lymphocyte 1 (HML-1) mAb. This marker is also 
expressed on 40% of LPL, predominantly within the CD8'^ population but on 
less than 2% of PBL (Cerf-Bensussan et al, 1987) (Schieferdecker et al, 1990). 
Immunoprecipitation of the membrane protein yields a noncovalent heterodimer 
composed of an a and j8 chain characteristic of the integrin superfamily of adhe-
sion molecules and is referred to as the o?0^ integrin (Yuan et al, 1991; Parker 
et al, 1992). The /37 chain is also found in association with the aA chain, a4j87, 
in mouse. TGF/3 dramatically increases the expression of the HML-1 Ag on lEL 
but not LFA-1 expression (Parker et al, 1992). Other cytokines including IFN7, 
IL-1, and IL-4 do not have this effect. Therefore, TGF/3, a cytokine produced by 
epithelial cells and PP lymphocytes, can alter the expression of lymphocyte adhe-
sion molecules to facihtate mucosal homing. 

The endothelial receptor for the a^0^ molecule is thought to be the mucosal 
vascular addressin MadCAM-1 expressed on high endothehal venules of PP, mes-
enteric lymph nodes, and endothelium of gut mucosa (Bedin et al, 1993; Briskin 
et al, 1993). lEL are further diverted to the epitheUum by virtue of the adhesion 
molecule E-cadherin expressed by epithelial cells, which interacts specifically with 
0^0^ (Cepek et al, 1994). Finally, the in vivo relevance of a^0^ expression has 
been shown in a primate model of coHtis (Podolsky et al, 1993). Cotton-top tama-
rins develop a spontaneous chronic colitis with periodic acute inflammation. Ad-
ministration of Ab against the a^ integrin chain significantly reduces the histologic 
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inflammation. These findings suggest that the OL" integrin chain may also be im-
portant for homing of lymphocytes to the lamina propria. Finally, LPL may ex-
press unique adhesion molecules that facilitate their homing to the mucosa or 
lymphocytes, once in the mucosa, lose expression of the above described adhesion 
molecules. 

IV. F U N C T I O N O F LAMINA PROPRIA T CELLS 

A. Cj^okine Production by Lamina Propria T Cells: 
Providing B-Cell Help (Table II) 

As with other mucous membranes, the predominant type of immunoglobulin (Ig) 
secreted by the B lymphocytes of the gut is IgA, accounting for 70-90% of all Ig 
present in normal intestinal mucosa (Brandtzaeg et ah, 1985, 1989; Strober and 
Harriman, 1991; Beagley and Elson, 1992). Preservation of an IgA-predominant 
humoral response is important because IgA traps potential antigens in the lumen 
before they elicit an immune response and IgA does not bind complement. Indeed, 
IgA deficiency is associated with an increase in autoimmune diseases, suggesting 
that lumenal IgA is an important barrier to unwanted Ag exposure (Liblau and 

TABLE II 

FUNCTIONAL FEATURES 

Function 

Cytokine production 

B-cell help 

Cytotoxic T-cell 
activity 

Preferential activa-
tion pathway(s) 

lEL 

Cd4+: IL-4, IL-5, 
I L - 6 » IFNy 

CD8 + : I F N 7 » I L - 5 , 
IL-6 

y6+: IFNy, TGF^, 
TNFa, IL-5 

Yes: CD4+ subset 
(not CDS+ ) 

+ + + + 

i Proliferation to TCR 
stimuli; T IL-2 secre-
tion with CD2 stimula-
tion 

LPL 

IL-4, I L - 5 » I F N r 

Yes: terminal differentia-
tion of sIgA"'"B cells 

-f- 4-

i Proliferation and cy-
tokine secretion to 
TCR stimuli; T prolif-
eration and cytokine 
secretion with CD2 
(±CD28) stimula-
tion (IFNy, TNFa, 
IL-2, IL-4) 

PP 

TGF^, little IFNy, 
IL-5 

Yes: induction of 
IgA isotype 
switch 

+ -H 

Note. References: (Ebert, 1989; James et al, 1990; Pirzer et al, 1990; Taguchi et al, 1990; Mosley et 
al, 1991; Qiao et al, 1991; Ohteki and MacDonald, 1993; Targan et al, 1995). 
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Bach, 1992). In functional assays of lamina propria helper function, investigators 
have demonstrated that lamina propria T cells have marked helper effect in Ig 
production by T-depleted LPL. This is especially true if one measures IgA produc-
tion (Smart et al, 1988). Indeed, lamina propria T cells can provide help for IgA 
and IgM synthesis by T-depleted PB mononuclear cells but do not provide signifi-
cant help in IgG production. These data suggest that lamina propria T cells are 
skewed toward providing help for IgA synthesis and do not require mitogenic 
activation for this function. This latter finding may be because of a heightened 
state of activation of LPL as well as a higher proportion of CD4'^/Leu-8~ cells in 
LPL compared with PBL (Kanof et al, 1987; Kanof et al, 1988). As one might 
expect, CD8 ̂  LPL suppress Ig synthesis by B cells, but do so to a similar extent 
as CD8+ PBL (James et al, 1985; Lee et al, 1988). 

Much of the observed effect of T cells is mediated through the regulated secre-
tion of cytokines by T helper cells. These cytokines can be divided into Thl cytok-
ines (IFNy, IL-2, TNFa) and Th2 cytokines (IL-4, IL-5, IL-10) which are associ-
ated with cell-mediated immunity and humoral immunity, respectively. The 
generation of secretory IgA in the gut is the combined result of T helper cytokines 
responsible for the isotype switch from IgM to IgA in the PP and the cytokines 
leading to IgA secretion by surface IgA"^ (slgA"^) cells in the LPL (Cebra et al, 
1991). Whereas Thl cytokines support IgG2a synthesis in B-cell cultures, Th2 
cytokines support IgA, IgGl, and IgE responses (Coffman et al, 1988; Xu-Amano 
et al, 1992a). Transforming growth factor-j8 (TGF^) (Spalding and Griffin, 1986; 
Coffman et al, 1989; Sonoda et al, 1989; Lebman et al, 1990a,b; Sonoda et al, 
1992), derived from both T cells and nonlymphoid cells, and IL-5 (Bond et al, 
1987; Coffman et al, 1987; Murray et al, 1987; Beagley et al, 1988), derived 
from Th2 cells, are involved in enhancing the heavy-chain isotype switch from 
IgM to IgA in mucosal B lymphocytes. Terminal differentiation of slgA^-positive 
B cells to IgA-secreting plasma cells is predominantly regulated by IL-5 and IL-6 
with synergistic contribution by IL-2 and IL-4 (Harriman et al, 1988; Beagley et 
al, 1989, 1991; Kunimoto et al, 1989; Fujihashi et al, 1991). 

Based on the above observations, one would expect that lamina propria T cells 
are Th2-like cells. James et al (1990) has demonstrated that inactivated lympho-
cytes do not have detectable levels of cytokine messenger RNA. After activation 
with phorbol myristate acetate (PMA) and ionomycin, high levels of IL-4 and IL-
5 mRNA were detected in LPL and mesenteric lymph node but not in PBL, spleen, 
or peripheral nodes (James et al, 1990). LPL also demonstrated high expression 
of IL-2 and IFNy. Using ELISPOT assays, Taguchi et al (1990) have demon-
strated that CD4'^ cells freshly isolated from PP have relatively few IFNy and IL-
5-secreting cells compared with LPL and lEL. Of these subsets, LPL had the 
highest number of cells spontaneously secreting IL-5. While in lEL equal numbers 
of IFNy and IL-5 secreting cells were seen, the ratio of IL-5- to IFNy-secreting 
cells in LPLs was 3:1. 

The same studies performed in mice which had been orally immunized with 
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SRBC results in a high frequency of IL-5-secreting CD4^ cells in PP whereas 
intraperitoneal immunization results in a high frequency of IFNy-secreting CD4^ 
cells in the spleen (Xu-Amano et al, 1992b). Functionally, it would seem that 
although both Thl- and Th2-type cytokines are produced by LPL the overall effect 
is Th2-predominant and achieves IgA rearrangement and secretion. 

B. Altered LPL Cytokine Production under Inflammatory 
Conditions of the Bowel 

In health, Th2 cytokine secretion predominates in lamina propria T cells and facili-
tates IgA synthesis by lamina propria B cells as well as serving other immunoregu-
latory functions. Several groups have analyzed LPL cytokine production in 
Crohn's disease and ulcerative colitis in an effort to understand etiologic factors 
in human intestinal inflammation. IL-2, IFNy, and TNFa production by lamina 
propria mononuclear cells has been found to be increased in patients with Crohn's 
disease, but not in patients with ulcerative colitis (MuUin et al, 1992; Breese et 
al, 1993, 1994; Sartor, 1994). These findings suggest that T helper cells in the 
lamina propria of Crohn's disease have a Thl predominance compared with ulcer-
ative colitis and control lamina propria which have a Th2 predominance. 

Using genetic manipulation or severe combined immunodeficient (scid) mice 
reconstitution studies, much information about intestinal inflammation and lamina 
propria lymphocyte function has been gained. Investigators reconstituted scid mice 
with purified CD4'^ lymph node T cells which were sorted on the basis of their 
expression of the CD45RB Ag into a CD45RB^^ and CD45RB^^ cells (Morrissey 
et aU 1993); scid mice received CD4+/CD45RB*^\ CD4+/CD45RBi^ or whole 
lymph node cells. Interestingly, the scid mice that received CD45RB*̂ VCD4 "̂  T 
cells developed a wasting disease that was not seen in scid mice that received the 
CD4'^/CD45RB^° cells or whole lymph node cells. This wasting disease was asso-
ciated with hyperplasia of the intestinal mucosa and lymphoid cell accumulation 
in the lamina propria consistent with intestinal inflammation. Further studies using 
this model have found that transfer of CD4'^/CD45RB^^ cells results in transfer of 
Thl-predominant cells based on their pattern of cytokine secretion (Powrie et al, 
1994). An increase in IFNy and TNFa production was found. Indeed, the wasting 
disease could be abrogated or attenuated by neutralizing Abs to IFNy and TNFa, 
respectively. 

Three types of mice have been genetically engineered to develop intestinal in-
flammation as a result of disrupting cytokine genes or T-cell receptor genes. 
Knockout mice with a disruption in the IL-2 gene develop a disease very similar 
to ulcerative colitis with colonic bleeding and ulceration (Sadlack et al, 1993). 
These mice have increased numbers of IgA- and IgGl-secreting cells and in-
creased numbers of activated B cells, both in peripheral blood and in the intestinal 
mucosa. This may occur as a result of unregulated Th2-type cefls but ah the im-
munologic derangements have not been fully characterized. In addition to histo-
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logic colitis, these animals produce anti-colon antibodies. It is unclear if these 
antibodies develop in the late stages of colitis or occur prior to overt disease as a 
result of failed tolerance to self-Ags. Genetically engineered mice that are deficient 
in IL-10 develop chronic enterocoHtis involving the gut from duodenum to colon 
(Kuhn et al, 1993). Although IL-10-deficient mice have a normal Ab response to 
systemic immunization, they are unable to generate a Th2 immune response to 
nematode infection. IL-10 is a cytokine produced by Th2 cells and macrophages 
which inhibits Thl cell development and downregulates Thl cytokine responses 
(Fiorentino et al, 1991a,b; Powrie et al, 1993). Therefore, the most notable im-
munologic derangement is their inability to suppress Thl immune responses, and 
their enterocolitis is thought to be from overproduction of Thl cytokines by anti-
genically stimulated T cells and macrophages. Of interest is the observation that 
animals kept in a pathogen-free environment have much attenuated disease. These 
data taken together point to the precarious balance that exists within the mucosal 
environment to continuously downregulate excessive or "unbalanced" Thl and 
Th2 cytokine production. Antigenic stimulation, specifically with bacterial Ags, 
serves as the trigger, however, to incite deregulated inflammation in what is Hkely 
a genetically predetermined environment. 

V. REGULATION O F LAMINA PROPRIA T CELLS 

The normal histology of the lamina propria contains lymphocytes, plasma cells, 
and macrophages with a paucity of polymorphonuclear cells. It is not until the 
normal architecture of the intestinal tract is distorted by immune cells and damage 
occurs to the epithehum that the intestine is said to be inflamed (Lewin et al, 
1989). As described above, these resident lymphocytes are in a heightened state of 
activation without causing mucosal damage. Why, then, do these LPL not cause 
perpetual pathologic inflammation? This delicate balance is achieved because LPL 
activation is tempered by development of tolerance to food-bom antigens and bac-
terial species. In the next section, we will examine unique features of LPL activa-
tion compared with PBL. 

A. Activation Pathways in Lamina Propria T Cells 

Several surprises exist in measures of LPL responses based on its predominant 
memory phenotype compared with classical CD45RO'^ memory T cells. Periph-
eral memory T cells proliferate and secrete cytokines in response to recall Ag or 
stimulation through the TCR. Lamina propria T cells, however, show diminished 
proliferative responses to recall Ag in vitro, stimulation via the TCR/CD3 com-
plex, and protein kinase C activators (Pirzer et al, 1990; Qiao et al, 1991). In 
Cynomolgus monkeys immunized rectally with Chlamydia trachomatis (Zeitz et 
al, 1988), lymphocytes isolated from PB, spleen, and mesenteric nodes proliferate 
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in response to C. trachomatis Ags but not lamina propria T cells. Neither removal 
of CDS "̂  suppressor T cells nor Ag presentation by peripheral monocytes restored 
a proliferative response in lamina propria T cells. Lamina propria T cells from 
infected animals were, however, able to provide antigen-specific help for poly-
clonal immunoglobulin synthesis by immune B lymphocytes after stimulation with 
C. trachomatis Ags. Thus, humoral inmiunity is preserved but cell-mediated im-
munity is restricted. 

The proposed effect of downregulated, antigen-specific responses by lamina 
propria T cells is to prevent clonal expansion of T cells directed against harmless 
dietary antigens. In this way, pathologic mucosal inflammation is prevented. If this 
hypothesis is correct, chronic idiopathic inflammation of the bowel such as that 
seen in Crohn's disease or ulcerative colitis may be secondary to an impaired 
downregulatory mechanism. Qiao et al (1994) measured the proliferative re-
sponses of lamina propria T cells to Ag receptor stimulation in patients with 
Crohn's disease and ulcerative colitis compared with normal controls. Lamina pro-
pria T cells from patients with Crohn's disease and ulcerative colitis had increased 
proliferation to anti-CD3 stimulation compared with controls. Thus, lamina propria 
T cells from patients with chronic intestinal inflammation lose their physiologic 
unresponsiveness to lumenal antigens and can be stimulated to proliferate in vitro 
with microbial Ags. 

By contrast, lamina propria T cells have enhanced proliferation and cytokine 
production in response to CD2 and CD28 stimulation (Pirzer et al, 1990; Qiao et 
al, 1991, 1993; Targan et al, 1995). This CD2-predominant activation of lamina 
propria T cells cannot be explained solely on the basis of differences in CD2 
expression between lamina propria T cells and PB T cells, although there is a 
slight increase in LPL CD2 expression (Schieferdecker et al, 1992; Targan et al, 
1995). The CD2 receptor which interacts with LFA-3 (CD58) acts as an accessory 
activation pathway to the TCR complex and activates many of the same second 
signal pathways including inositol 1,4,5-triphosphate generation, DAG generation, 
tyrosine protein kinase activity, and phosphorylation of the TCR ^-chains (Panta-
leo et al, 1987; Monostori et al, 1990; Samelson et al, 1990). Unlike CD2, 
CD28 (Tp44) stimulation alone has very little signal transduction effect but can 
synergize with TCR/CD3 stimulation to augment lymphocyte proliferation and cy-
tokine secretion (Weiss et al, 1986; Lindstein et al, 1989; Thompson et al, 
1989). This latter effect is due to stabilization of cytokine mRNA transcripts 
(Lindstein et al, 1989). 

Although lamina propria T cells require alternative receptor-mediated stimuli to 
proliferate and secrete cytokines. These findings suggest differences in postrecep-
tor signaling in lamina propria T cells. In support of this signal transduction hy-
pothesis, lamina propria T-cell activation with immobilized anti-CD3 results in 
low amounts of intracellular inositol 1,4,5-triphosphate generation and no free cal-
cium increase when compared with PB T lymphocytes (Qiao et al, 1991). In a 
comparison with PB T cells, Targan et al, have shown that stimulation of lamina 
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propria T cells with ligation of CD2 results in significantly greater production of 
IFNy, IL-2, IL-4, and TNFa (Fig. 3 in Targan et al, 1995). Coligation of lamina 
propria T cells with anti-CD28 exaggerates CD2 over CDS predominance in LPL 
cytokine production. Targan et al (1995) are the first to find a consistent and 
unique phosphorylation pattern following CD2 stimulation compared with CD3. 
This study found that LPL activation with CD2 ligation correlated with tyrosine 
phosphorylation of a 72-kDa protein which was not seen following CDS ligation 
of LPL or with CD2 ligation of PBL. At present, the 72-kDa protein has not been 
identified. These provocative data support that lamina propria T cells represent a 
distinct subset of previously activated T cells whose cell surface receptors and 
postreceptor signaling apparatus are altered to accommodate different activation 
signals. 

It is unclear where and what type of inductive process lamina propria T cells 
undergo that changes their activation pathway, because lamina propria T cells orig-
inate from the same pool of thymically conditioned lymphocytes as PB lympho-
cytes. Qiao et al. (1991) have demonstrated that exposure of PB T lymphocytes to 
supernatant from intestinal mucosa for 60 hr can change their activation pattern to 
a pattern similar to freshly isolated lamina propria T cells, i.e., CD2/CD28-pre-
dominant activation and diminished CDS activation. Studies of the mucosal super-
natant suggest that the substance(s) responsible for this lamina propria-specific 
effect are small, nonprotein molecules with oxidative properties (Qiao et al, 
199S). Targan et al (1995) have reproduced the phenotype of lamina propria 
T cells using a model of PBL cocultured with an irradiated B-cell line, Daudi, in 
the presence of IL-2. These cells develop functional characteristics similar to LPL 
with CD2 predominance. Moreover, these lamina propria-like T cells stimulated 
via CD2 develop a tyrosine phosphorylation pattern similar to freshly isolated LPL 
with 72-kDa phosphorylation. Addition of TGFj8 to both LPL and lamina propria-
like cells in culture maintained or enhanced CD2 predominance and decreased 
CDS responses (Deem and Targan, 1995). Unlike the studies by Qiao, supematants 
from Daudi cells plus IL-2 could not reproduce the LPL phenotype, implying that 
cell contact is required for the shift in phenotype. Thus in both models described 
above, PBL have the potential to differentiate into cells with LPL features which 
suggests that LPL may be a more differentiated form of PBL. 

An interesting hypothesis has emerged from the study of LPL with regard to T 
cell-B cell interactions. The studies performed in our laboratories suggest that 
lamina propria B cells play a significant role in regulating lamina propria T cells. 
The ligands for CD2, CD28,LFA-S, and B7-1/B7-2 are found on B cells. These 
ligands can act synergistically to activate lamina propria T cells in a noncognate 
fashion (Linsley et al, 1991; Sen et al, 1992). Lamina propria T cells that are 
anergic to stimulation delivered through the TCR (as in the C. trachomatis procti-
tis model) may be reactivated to proHferate and secrete cytokines to provide B-
cell help or secrete cytotoxic cytokines to selectively kill infected epitheUal cells 
in the presence of B cells (Deem et al, 1991; Abreu-Martin et al, 1995). Further 
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support for this hypothesis is the critical role of B-cell contact in transforming PB 
T cells to lamina propria-like T cells with a CD2-predominant phenotype. 

B. The Unique Relationship of Lamina Propria Lymphocytes 
and Intestinal Epithelial Cells 

LPL responses are regulated not only by ligand-receptor interactions with other 
lymphocytes but also by intestinal epithelial cells (lEC). In addition to the partici-
pation of lEC in Ag presentation (described below), cytokines secreted by lEC 
have direct effects on lymphocytes. IL-8 secreted by lEC augments the inflamma-
tory response through the recruitment of polymorphonuclear cells and lympho-
cytes to a site of bacterial invasion (Mukaida and Matsushima, 1992; Eckmann et 
aU 1993; Mitsuyama et al, 1994; Abreu-Martin et al, 1995). Watanabe et al 
(1995) have described another cytokine secreted by lEC which may have an im-
portant regulatory effect on mucosal lymphocytes. IL-7 is a cytokine produced by 
stromal cells in bone marrow, thymus, spleen, liver, and kidney which supports 
the growth of lymphoid precursors of both B-cell and T-cell lineages (Namen et 
aU 1988; Chazen et al, 1989; Goodwin et al, 1989; Morrissey et al, 1989). 
Studies of the expression of IL-7 in the intestinal mucosa have revealed that IL-7 
mRNA and protein are expressed in colonic epithelial cells and epithelial goblet 
cells and that IL-7 receptors are expressed by both LPL and lEL (Watanabe et al, 
1995). Recombinant IL-7 stimulated a significant increase in LPL proliferation but 
inhibited anti-CD3 stimulated LPL proliferation, whereas these two stimuli were 
synergistic in PBL proliferation. While IL-7 alone caused an increase in PBL cell 
numbers, it did not stimulate DNA synthesis, suggesting that the effect of IL-7 is 
different on PBL than on LPL. Thus, IL-7 may be a trophic factor for lamina 
propria T cells which simultaneously limits the ability of LPL to respond to anti-
genic stimulation via the TCR. 

Antigen-presenting cells (APCs) in the intestinal mucosa include classical APCs 
such as macrophages, B cells, and dendritic cells (Liu and MacPherson, 1994) and 
nonclassical APCs such as lEC (Mayer et al, 1992). There is a growing body of 
research demonstrating that mucosal T cells recognize and respond to Ag in the 
context of classical and nonclassical restriction elements expressed by the intesti-
nal epithelium. Several groups have demonstrated that murine, rat, and human lEC 
express class II MHC molecules and can present protein Ags and elicit Ag-specific 
T-cell responses in vitro (Bland and Warren, 1986a,b; Mayer and Shlien, 1987; 
Kaiserlian et al, 1989). The inflammatory cytokines IFNy and TNFo: increase 
class I and class II MHC expression on epithelial cells (Guy-Grand and Vassalli, 
1986). Mayer and Shlien (1987) have demonstrated that lEC are capable of taking 
up soluble antigen, processing it, and presenting it to Ag-primed T cells. Antibod-
ies against la molecules inhibit the MLR elicited by lEC, suggesting that an MHC-
restricted response occurs between lymphocytes and lEC (Bland and Warren, 
1986a,b; Mayer and Shlien, 1987). 
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Ag presentation by lEC to LPL also serves an immunoregulatory function. lEC 
preferentially activate the suppressor subset of PB T cells characterized by CD8"^/ 
CD28-/cells (Bland and Warren, 1986a,b; Mayer and Shlien, 1987). This induc-
tion of Ag nonspecific suppressor function may serve to tonically downregulate 
mucosal immune responses and facilitate the development of tolerance to ubiqui-
tous intestinal Ags. This suppressor-inducer function of lEC is defective in 
chronic intestinal inflammation. Freshly isolated enterocytes from patients with 
Crohn's disease or ulcerative colitis failed to induce CD8^ suppressor activity and 
preferentially stimulated CD4"^ helper T cells (Mayer and Eisenhardt, 1990). Thus, 
in these human diseases characterized by a failure to downregulate the intestinal 
immune response, there is evidence for pathologic Ag presentation by lEC and 
consequently pathologic immunoregulation. 

Studies of the specific interaction of lEC with LPL have demonstrated that CD8 
is necessary for LPL response in allogeneic MLR using lEC as APC (Panja et al, 
1993). Surprisingly, however, Ab's against class I MHC molecules do not inhibit 
the ability of lEC to stimulate allogeneic MLR. Bleicher et al, (1990) have de-
scribed the expression of a family of MHC class I-like molecules on gastrointesti-
nal tract epithelium in the mouse referred to as CDl molecules. Studies in human 
tissues corroborated that a specific member of the CDl family, CD Id, is expressed 
on the majority of lEC (Blumberg et al, 1991). CDld coprecipitates with (32-
microglobulin in lEC. Sieling et al. (1995) have described the intracellular pro-
cessing and presentation of bacterial wall lipoglycans in the context of CD lb to 
ap TCR T cell. Castano et al. (1995) have also demonstrated the ability of the 
CDl molecule to bind appropriate peptides and generate an Ag-specific T-cell 
response. The functional relevance of CDld in epithelial-T-cell interactions has 
been demonstrated (Panja et al, 1993). Antibodies against CDld or CD8 inhibited 
PB T-cell proliferation in allogeneic mixed cell cultures using lEC. These Ab's did 
not, however, inhibit proHferation when the responding cell was LPL, suggesting 
that additional ligands are important. 

Panja et al. (1994) have found that LPLs preferentially proliferate in response 
to lEC in comparison to other allogeneic, class Il-expressing, professional APCs. 
This is in contrast to PB T cells which preferentially proHferate in response to 
professional APCs in an allogeneic MLR. Moreover, Abs against several class II 
MHC molecules fail to inhibit proliferation of LPL in response to lEC but inhibit 
proHferation of PB T cells in response to lEC and professional APCs. Proliferation 
of LPL only occurred in allogeneic lEC mixed-cell cultures and not in autologous 
lEC mixed-cell cultures. This finding suggests that LPL proHferation is not due to 
memory T-cell activation in response to ubiquitous lumenal Ags on lEC or to 
nonpolymorphic adhesion molecules such as LFA-3. These data taken together 
support the conclusion that LPLs recognize a polymorphic restriction element on 
lEC that is not class II MHC, class I MHC, or CDl. This lEC determinant is 
currently under investigation but will be an important clue to the unique interac-
tion between the gastrointestinal immune system and the epithelium it defends. 
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Another nonclassical, nonpolymorphic class I molecule that may be involved 
in Ag presentation in the gut is the thymus leukemia (TL) antigen, which is en-
coded in the T region of the mouse MHC by the T3 and T18 genes (Teitell et al, 
1994). The TL Ag is expressed primarily by lEC and thymocytes. Analysis of the 
a l and al domains of the TL Ag show homology with the peptide binding site of 
classical class I molecules. Although Ag presentation by lEC in the context of the 
TL Ag has not been demonstrated, this nonpolymorphic determinant may act as 
an additional selection factor for CDS ̂  lEL and LPL. 

VI. S U M M A R Y 

The dual evolutionary pressures on the gastrointestinal tract, absorption of nutri-
ents and exclusion of microbiologic pathogens, has resulted in a complex and 
precise gastrointestinal inmiune system to accomplish these goals. Lamina propria 
lymphocytes are characterized by their reduced ability to respond to TCR stimula-
tion with recall Ags but preferential activation via CD2/CD28 stimulation. Dimin-
ished CDS activation may be due to IL-7 production by intestinal epithelial cells, 
whereas enhanced CD2 activation may be due to lamina propria B cell contact 
factors. Although both Thl and Th2 cytokines are necessary to maintain mucosal 
homeostasis, spontaneous and induced Th2 cytokine production predominates in 
health and provides B-cell help for plasma cell differentiation. 
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I. I N T R O D U C T I O N 

Immune responses at mucosal surfaces are characterized by the production and 
secretion of antibodies of the IgA isotype which represent a "first line of defense" 
against colonization by many pathogens (Mestecky and McGhee, 1987). Most of 
the IgA-producing cells originate in mucosa-associated lymphoid tissues (MALT), 
such as Peyer's patches in the intestine, where they encounter antigen. Subse-
quently, they disseminate via draining lymph and blood circulation to mucosal 
effector sites where IgA production occurs (Craig and Cebra, 1971). While the 
induction of mucosal IgA responses is known to be dependent on cognate help 
provided by CD4"^ T cells in MALT (Kawanishi et al, 1983), factors important 
in the subsequent development of these responses have not been well-defined. It 
is clear, however, that cytokines, soluble factors secreted by T cells and other 
iromunocytes, play major roles at different stages of the mucosal immune re-
sponse. 

Cytokines are involved in communication between cells of the immune system 
and are critical in determining both the type and the magnitude of immune re-
sponses. The observation that different subsets of CD4^ T helper cells produce 
different spectra of cytokines has provided a likely explanation for the key role 
played by these cells in immunoregulation (Mossman and Coffman, 1989). Thus, 
whether the immune response is driven toward humoral or cell-mediated inmiunity 
is determined, in part, by the profile of cytokines produced by CD4"^ T helper cell 
subpopulations. One subset (Thl) secretes interleukin-2 (IL-2), interferon-y (IFN-
y), and tumor necrosis factor-a (TNFa) and promotes cell-mediated inmiunity 
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(CMI), which is considered to be important in immune defense against intracellu-
lar parasites such as viruses. Another population (Th2) secretes IL-4, IL-5, IL-6, 
and IL-10, factors which, in vitro, preferentially induce antibody responses, with 
selective stimulation of IgGl, IgE, and IgA isotypes. Cytokines also influence the 
development of these different T cell subpopulations. For example, the Th2-de-
rived factors IL-4 and IL-10 inhibit the development of Thl cells in vitro, while 
IFNy produced by Thl cells suppresses the Th2 response. The range of potential 
immune responses to an infectious agent may therefore be tightly regulated by 
cytokines produced by T cells. 

Cytokine production at mucosae is apparently biased toward Th2 responses 
(Taguchi et al, 1990), which may be an important factor in the predominance of 
IgA antibodies in these tissues. In this chapter, we will review evidence in support 
of this concept from in vitro and in vivo studies and describe how our recent work 
with mice rendered deficient for Th2-type cytokines sheds further light on the role 
of these factors in mucosal immunoregulation. Some implications of this work for 
improved mucosal vaccination strategies will also be discussed. 

II . C Y T O K I N E S I N M U C O S A L B - C E L L D E V E L O P M E N T ' -

IN VITRO AND IN VIVO STUDIES 

A large number of in vitro and in vivo studies have supported a major role for the 
Th2-type cytokines, particularly IL-4, IL-5, and IL-6, in the development of muco-
sal IgA reactivity. Certainly, Th2 cells have been isolated at high frequency from 
mucosal tissues (Taguchi et al, 1990; Xu-Amano et al, 1992). There is also a 
clear predominance of cells expressing mRNA for Th2 cytokines in the murine 
small bowel, with IL-4 and IL-5 predominating in Peyer's patches and these fac-
tors, along with IL-6, also abundantly expressed in the lamina propria at sites of 
IgA production (Bao et al, 1993). In contrast, mRNA for the Thl factor IFNy, 
thought to downregulate IgA secretion, was detected only near the muscularis. 

In vitro, IL-4 promotes switching to IgA in murine B-cell lines (Lin et al, 
1991; Wakatsuki and Strober, 1993) and has been widely regarded as an essential 
factor for the development of surface (S)IgA^ cells from S-IgA~ cells, perhaps 
in conjunction with transforming growth factor beta (TGFj8) (Ehrhardt et al, 
1992). This factor is also thought to be an IgA switch factor in humans (Islam et 
al, 1991). In contrast, murine IL-5 has no activity on S-IgA~ B cells, but has 
been shown to increase IgA reactivity of activated mucosal S-IgA^ B cells, either 
alone (Beagley et al, 1988) or in synergy with IL-4 (Murray et al, 1987), IL-6 
(Kunimoto et al, 1989), or TGF^ (Coffman et al, 1989). Thus, IL-5, while not 
apparently promoting a switch to IgA, acts as a S-IgA"^ B cell terminal differentia-
tion factor. There is, however, no direct evidence that IL-5 normally plays such a 
role during IgA production in vivo, although, as outlined above, it has recently 
been shown that T cells which secrete IL-5, thereby corresponding to the Th2 
type, are present at high frequency in IgA effector sites of murine mucosal tissues. 
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In addition, vector-expressed IL-5 selectively enhances antigen-specific IgA reac-
tivity in murine lungs following local immunization (Ramsay and Kohonen-Cor-
ish, 1993). 

It is now accepted that IL-6, a multifunctional cytokine originally identified for 
its ability to induce B-cell terminal differentiation (Okada et al, 1983), also mark-
edly and selectively enhances IgA production in vitro by isotype-committed B 
cells but not S-IgA~ B cells (Beagley et al, 1989). In this respect, IL-6 appears 
to be a significantly more potent factor than IL-5. The in vivo relevance of these 
findings has not been determined, but the presence in mucosal tissues of T cells, 
macrophages, and other cells capable of IL-6 production in vitro (Fujihashi et al, 
1991; Mega et al, 1992), and the broad distribution of cells containing IL-6 
mRNA in intestinal mucosa (Bao et al, 1993), are consistent with the idea that 
this factor is important in regulating the effector stage of IgA responses. The pro-
posed influence of IL-4, IL-5, and IL-6 on mucosal IgA immunoregulation, based 
on these data, is summarized in Fig. 1. 

The recent development of technologies whereby specific mutations may be 
introduced into the germline has allowed the generation of strains of mice in 
which particular genes have been inactivated (Capecchi, 1989). The availability of 
strains rendered deficient for IL-4, IL-5, or IL-6 production has allowed us to 
examine the induction and development of mucosal immune responses in the ab-
sence of each of these factors. This work will be described below following an 

• outline of the generation and initial phenotypic studies of these animals. 

III . G E N E R A T I O N A N D P H E N O T Y P I C ANALYSIS O F C Y T O K I N E 

G E N E - T A R G E T E D M I C E 

Mice deficient for IL-4, IL-5, or IL-6 were generated using homologous recombi-
nation in embryonic stem cells with conventional gene targeting techniques. Each 
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FIGURE 1. The proposed activities of IL-4, IL-5, and IL-6 in mucosal B-cell development. 
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of these strains developed normally; however, specific phenotypic changes were 
observed in each case when comparisons were made with wild-type control mice. 

The IL-4-deficient mice had normal numbers of peritoneal Bl cells and B2 
cells in the bone marrow, spleen, and lymph nodes (Kopf et al, 1993). Numbers 
of T cells and their distribution of typical surface markers were also unaltered. 
However, the development of Th2 cells in these animals and their ability to secrete 
IL-5 and IL-10 in response to helminth infestation were markedly impaired. Serum 
levels of IgGl and IgE antibodies were, respectively, diminished and absent in IL-
4-deficient mice. 

IL-5-deficient mice showed normal lymphoid development and their production 
of cytokines other than IL-5 was not affected by the mutation (Kopf et al, 1996). 
The major phenotypic change in these mice was an inability to mount eosinophilia 
in response to parasite infestation or in a model of allergic lung disease, preventing 
the development of disease in the latter case (Foster et al, 1996) 

Mice lacking IL-6 (IL-6'̂ ") had normal levels of B cells but a reduction in total 
T-cell numbers and failed to mount optimal responses to injury or infection (Kopf 
et al, 1994). In particular, although total serum immunoglobulin levels were simi-
lar in IL-6'''" mutants and their wild-type littermates, the mutants had impaired 
serum IgG antibody responses following virus infection and succumbed to intra-
cellular parasites such as Listeria monocytogenes and vaccinia virus. Their secre-
tion of cytokines other than IL-6 appeared not to be affected. 

These mice provided an ideal opportunity to assess the in vivo relevance of IL-
4, IL-5, and IL-6 for mucosal IgA responses. 

IV. M U C O S A L I M M U N E R E S P O N S E S I N I L - 4 - D E F I C I E N T M I C E 

In vitro evidence suggested that IL-4 may be an important switch factor for the 
production of S-IgA+ B cells from S-IgM+/S-IgA" B cells (Lin et al, 1991: 
Wakatsuki and Strober, 1993). The absence of IL-4, therefore, and the resultant 
downregulation of the Th2 phenotype in IL-4-deficient mice might suggest that 
they would be impaired in their ability to produce mucosal IgA antibodies. How-
ever, neither IgA antibody levels in lung lavage nor numbers of IgA-secreting cells 
in the lungs or small-intestinal lamina propria differed in IL-4'̂ " mice or wild-type 
mice that had not been deliberately immunized (Table 1). These results clearly 
showed that the ability of mucosal B cells to undergo switching to IgA production 
was not dependent on the presence of IL-4. Nevertheless, IL-4'^' mice had signifi-
cantly smaller and fewer small intestinal Peyer's patches than wild-type mice with 
very poor germinal center development (not shown), a finding also reported by 
Vajdy et al (1994). These workers found that IL-4 deficiency resulted in a marked 
inability to mount intestinal IgA responses following oral immunization with solu-
ble proteins in the face of a strong response to cholera toxin given as a component 
of the inoculum. This deficiency appeared to be due to a failure of IL-4'̂ " mice to 
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Mice 

IL-4+/-^ 
IL-4-/-

TABLE I 

NORMAL I G A LEVELS IN I L - 4 ' M I C E 

Lung lavage 
IgA 

(mg/ml, ELISA) 

106 ± 28 
97 ±21 

Lung IgA ASC 
(ELISPOT) 

1406 ±112 
1367 ± 210 

Gut IgA ACC 
(IF cells/cm) 

1605 ± 41 
1580 ± 62 

Note. Standard ELISA was performed on lung lavage fluid, ELISPOT on lung cell 
digests (Ramsay and Kohonen-Corish, 1993), and immmunofluorescent staining on sec-
tions of small-intestinal tissue (Ramsay et al, 1994) using unimmunized mice. Figures 
represent mean ± SEM for groups of four mice. 

mount antigen-specific Th2 cells and B cells required to induce germinal center 
activity in the gut. 

Thus, the importance of IL-4 for the development of the Th2 subset and the 
immune responses driven by these cells is further illustrated in the context of the 
mucosal IgA response, at least to soluble antigen, and for the normal development 
of MALT. An important caveat, however, is that the genetic background of the 
animals under study may have a major influence on the results obtained in this 
system. For example, while the above-mentioned work was performed using IL-
A-'- mice bred on a C57B1/6X 129/Sv background, those on a C57B1/6 back-
ground appear to have relatively normal Peyer's patch development and respon-
siveness. Clarification of the importance of genetic factors in establishing the phe-
notype of gene-targeted mice awaits further investigation. It is clear, nevertheless, 
that isotype switching and mucosal IgA production can occur in the absence of 
IL-4. 

V. M U C O S A L I M M U N E R E S P O N S E S I N I L - 5 - D E F I C I E N T M I C E 

It was apparent that IL-5-deficient mice displayed little defect in their abiUty to 
mount mucosal IgA responses (Fig. 2), despite in vitro evidence that IL-5 pro-
motes the development of slgA"^ mucosal B cells and the predominance of cells 
secreting this factor at mucosae. Numbers of IgA "^-staining cells in the small 
intestinal lamina propria were similar in IL-S''' and wild-type mice that had not 
been deliberately immunized. We then treated these mice with a range of immuno-
gens to further explore the effects of IL-5-deficiency on mucosal IgA reactivity. 
No significant differences were found in small intestinal IgA responses in IL-5"̂ " 
and wild-type mice following local immunization with ovalbumin (Fig. 2). In or-
der to examine antiviral mucosal responses, we used recombinant vaccinia virus 
(rVV) constructs encoding the gene for the hemagglutinin (HA) glycoprotein of 
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FIGURE 2. The mucosal IgA response in IL-5"̂ " mice. Small-intestinal tissues from unimmunized 
mice or from those given local inocula of ovalbumin (OVA) were stained by immunofluorescence for 
IgA"^ cells. Lung tissues from mice given intranasal inocula of VV encoding influenza HA (VV-HA) 
were assayed for HA-specific IgA cells by ELISPOT. All procedures were performed as described 
elsewhere (Ramsay et al, 1994). Values shown are for groups of four mice ± SEM. 

influenza virus (VV-HA-TK). Lung IgA responses against the HA antigen were 
similar in IL-5-deficient and wild-type mice given intranasal inocula of the virus 
(Fig. 2). Finally, specific lung antibody responses were also measured following 
sublethal intranasal infection with influenza virus and were found not to be af-
fected by IL-5-deficiency (not shown). 

There is evidence that IL-5 influences the development of the Bl cell subset 
which is characterized largely by expression of the CD5 marker (Vaux et al, 
1990). We therefore analyzed this population in both the peritoneal cavity and the 
small-intestinal lamina propria of IL-5"̂ " mice by fluorescence activated cell sorter. 
Cells from the former site are thought to supply a significant proportion of intesti-
nal IgA"*" cells. While there was a small but significant decrease in IgA"^/CD5'^ 
peritoneal B cells in IL-5-deficient mice, such cells were present in equal numbers 
in the small intestine (not shown). 

Overall, while IL-5 is apparently produced in abundance in mucosal tissues and 
may be used to stimulate mucosal IgA responses, its absence in vivo has no obvi-
ous deleterious effects on IgA production. 

VI. M U C O S A L I M M U N E R E S P O N S E S I N I L - 6 - D E F I C I E N T M I C E 

We have reported that IL-6 deficiency results in a marked reduction in numbers of 
IgA-producing cells at mucosae and grossly deficient responses to conventional B-
cell antigens such as soluble proteins and viruses (Ramsay et al, 1994). We have 
further suggested that IL-6 may be less important for the development of IgA-
producing Bl cells, which apparently respond to a different set of antigens than 
conventional B2 cells, and which are present in greater numbers in IL-6"̂ " mice 
than in wild-type mice (Beagley et al, 1995). Here, we will summarize these data 
and describe new work supporting the concept that IL-6 may be an important 
factor for the development of conventional mucosal B-cell responses. 
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In the absence of deliberate immunization, IL-6"̂ " mice had substantially fewer 
IgA plasma cells in their small intestines and lungs (Fig. 3) and mesenteric lymph 
nodes (MLN, not shown) compared to wild-type mice. Qualitative differences 
were also apparent, in that IgA-positive cells stained much less intensely in the 
mutants. The paucity of IgA plasma cells in IL-6"̂ " mice was consistent with the 
distribution of IL-6 mRNA in intestines as determined by in situ hybridization, in 
that while IL-6 mRNA was broadly distributed throughout the lamina propria of 
wild-type mice, no signal was detected in IL-6"̂ " mice (Ramsay et al, 1994). 

Overall, the small intestines of IL-6-deficient mice had 50-60% fewer IgA-
staining cells than wild-type mice and the majority of these cells stained diffusely 
compared to those in the latter. An explanation for this difference may lie in the 
observation that over 40% of murine intestinal IgA cells (50% in humans) are 
thought to be Bl cells, many of which are CD5"^, deriving from the peritoneal 
cavity rather than MALT (Pecquet et al, 1992). We have shown that there is a 
population of IgA precursors originating from the peritoneal cavity in wild-type 
mice which do not respond to IL-6 by secreting IgA (Beagley et al, 1995). These 
cells may be distinguished from conventional Peyer's patch-derived B cells by 
their expression of the CD5 marker. We have also found that small-intestinal IgA 
cells in IL-6'^' mice display a higher level of CD5 expression than in wild-type 
mice. Together, these data suggest that there is an IL-6-independent subset of in-
testinal IgA plasma cells in normal mice derived from peritoneal cavity precursors 
and that this subset may account for the residual numbers of S-IgA"^ cells in 
IL-6" '̂ mice. 

Support for this proposition comes from our experiments using a recombinant 
Salmonella typhimurium construct encoding the C-fragment of tetanus toxin, a 
strong conventional B-cell antigen. Specific IgA levels against tetanus toxoid in 
IL-6"̂ " mice orally immunized with this construct were 10-fold lower than in wild-
type mice (S. J. Dunstan, A. J. Ramsay, and R. A. Strugnell, unpublished data). In 

Intestine 

• IL-6+/+ 
D IL-6-/-

FIGURE 3. Numbers of IgA plasma cells in small intestines and lungs of IL-6" '̂ mice. Tissues were 
stained by immunofluorescence as described elsewhere (Ramsay et al, 1994). Values shown are for 
groups of four mice ± SEM. 
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contrast, strain differences in IgA responses mounted against the bacterial lipo-
polysaccharide (a Bl antigen) were far less marked. 

We next determined the consequences of IL-6 deficiency on the development 
of mucosal antibody responses to other conventional B-cell antigens. When immu-
nized locally with ovalbumin, IL-6"̂ ~ mice mounted deficient intestinal IgA-spe-
cific responses (not shown). We then studied responses to virus infection in IL-
6'̂ " and wild-type mice. For this, we employed recombinant vaccinia virus (rVV) 
constructs encoding the gene for the hemagglutinin (HA) glycoprotein of influenza 
virus (VV-HA-TK) and monitored the production of anti-HA antibody and num-
bers of HA-specific antibody secreting cells (ASC) in lungs following intranasal 
immunization. Whereas wild-type mice given VV-HA-TK mounted strong, specific 
IgA and IgG responses by Day 8 or 15, IL-6"̂ " mice did not develop significant 
numbers of ASC following virus infection (Fig. 4). This suggests that IL-6 plays 
an important role in the development of mucosal antibody responses to virus infec-
tion. 

In an attempt to restore responsiveness, we next used rVV encoding HA to-
gether with the gene for murine IL-6 (VV-HA-IL-6) to reconstitute the expression 
of IL-6 in the lung (Fig. 5). Recombinant VV constructs encoding genes for for-
eign proteins produce these factors in a highly localized manner at sites and levels 
determined by the extent of virus replication (Ramshaw et al, 1992; Ramsay et 
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FIGURE 4, The antiviral IgA and IgG responses in lungs of IL-6'̂ " mice. Mice were given intranasal 
inocula of control virus (VV-HA-TK) or virus expressing IL-6 (VV-HA-IL-6) and numbers of HA-
specific plasma cells were monitored 8 and 15 days later by ELISPOT (Ramsay et al, 1994). Values 
shown are for groups of five mice ± SEM. 
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FIGURE 3. Intranasal immunization of mice with rVV encoding HA and IL-6. 

al, 1993). The ability of IL-6"̂ " mice to mount sustained mucosal antibody re-
sponses was fully restored following local administration of rVV expressing IL-6 
(Fig. 4). This was not the case when the mutants were given rVV encoding IL-4 
or IL-5, despite the in vitro evidence that these factors also promote mucosal 
antibody responses. While vector-encoded IL-6 promoted the development of lung 
IgA precursor cells, which are of mucosal origin, it clearly also provided prolifera-
tive signals for plasma cell precursors entering the lung from systemic immune 
sites, as shown by the restoration of IgG responses in IL-6"̂ " mice (Fig. 4). In 
addition, while ELISA titers of HA-specific IgA and IgG antibodies were negligi-
ble in bronchial lavage fluids from IL-6'^' mice given VV-HA-TK, strong re-
sponses, similar to those found in wild-type mice, were detected in IL-6" '̂ mice 
given VV-HA-IL-6 (not shown). These findings provide strong evidence that IL-6 
plays a major role in the development of mucosal antibody responses to virus 
infection. 

VII . M U C O S A L IgA I M M U N I T Y I N Th2 C Y T O K I N E - D E F I C I E N T 

M I C E ^ A S U M M A R Y 

A wealth of data from in vitro and in vivo studies has suggested that Th2 cytokines 
are important mediators in mucosal B-cell development and IgA production. IL-4 
was thought to be an important factor or cofactor for the switch of slgM"^ B cells 
to S-IgA"^ cells, probably in the MALT, but apparently this factor also is ex-
pressed strongly in mucosal effector tissues such as the intestinal lamina propria. 
IL-5 producing T cells are found in MALT and effector tissues, while IL-6, pro-
duced by a multiplicity of cell types, is expressed strongly outside MALT in ef-
fector sites. These factors are not thought to be involved in isotype switching but 
are potent in vitro stimulators of the development and terminal differentiation of 
S-IgA"^ B cells, particularly IL-6. In addition, IL-5 has been thought to play an 
important role in Bl cell development. 
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Our studies in cytokine-deficient mice have confirmed some of these findings 
but have suggested that Th2 factors may not be crucial for some of the other 
functions attributed to them. It should be noted, however, that the immune systems 
of these mutant mice have developed in the absence of the deleted factor. Where 
no observable effect of the deficiency under examination is seen, it is possible that 
compensatory mechanisms, which may not normally be called upon to perform a 
particular function, may have come into play. It was clear from the work of our 
group and others that significant levels of IgA production occurred in the absence 
of IL-4, demonstrating that this factor is not crucial for IgA isotype switching. 
However, IL-4 was clearly important for the normal development of the intestinal 
IgA response to soluble protein antigen and, apparently, the optimal development 
of functional MALT. In contrast, IL-5 deficiency appeared to have little effect on 
the development of mucosal Bl or B2 cells or their IgA responsiveness. While 
this factor may indeed promote IgA B-cell development, it is clearly not a critical 
mediator. IL-6 appears to play a more important role, probably in the terminal 
differentiation of antibody-secreting plasma cells. Conventional mucosal IgA B 
cell responses were markedly impaired in IL-6" '̂ mice, which also mounted defi-
cient IgG responses to protein and viral antigens at both mucosal and systemic 
sites. Bl development appeared normal, however, and it is possible that these cells 
may account for the majority of mucosal IgA-producing immunocytes in the ab-
sence of IL-6. 

VIII . I M P L I C A T I O N S F O R M U C O S A L VACCINATION 

Our findings in cytokine-deficient mice suggest that IL-6 functions in vivo in the 
development of mucosal IgA responses. It is likely that IL-6 promotes the develop-
ment of IgA"^ B cells arriving in the submucosa following their exposure to anti-
gen in the organized mucosal lymphoid tissues. In addition to its ability to recon-
stitute responses in IL-6-deficient mice, vector-expressed IL-6 was seen to enhance 
specific IgA and IgG ASC numbers three- to fourfold in normal mice by Day 8 
after infection (Fig. 4). This factor may, therefore, be a useful vaccine adjuvant 
for mucosal immune responses which are characteristically short-lived and often 
difficult to induce. 

This, in fact, represents an example of an approach to vaccination taken by our 
group at The John Curtin School of Medical Research (A.J.R. and I.A.R.), i.e., to 
encode the genes for vaccine antigens along with those for cytokines such as IL-
6 in infectious recombinant virus vectors (Ramshaw et al, 1992; Ramsay et al, 
1993; Leong et al, 1994). Various attempts previously have been made to modify 
the immune response by the administration of recombinant cytokines. This work 
has been hampered, however, by the short half-life of these factors in vivo and by 
difficulties in targeting recombinant material to sites of immune reactivity, with 
very high, and consequently nonphysiological concentrations required for observ-
able effects. In contrast, during replication in vivo, our virus constructs produce 
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the encoded factor which is secreted from infected cells, i.e., the extent and sites 
of virus replication determine the level and sites of production of the cytokine, 
which appears to act in a highly localized manner. Using this system, we have 
studied the immunoregulatory and antiviral properties of a number of factors. Our 
findings suggest that expression of selected cytokines may allow manipulation 
of the microenvironment to favor development of appropriate protective immune 
responses and, where required, suitable attenuation of the vector. 

A major factor in the efficacy of infectious virus vaccines is their abiUty to 
replicate and persist in the host for several days, allowing prolonged and enhanced 
production of desired antigens in host cells. Vaccinia and other poxvirus vectors 
now being developed have the capacity to carry enough heterologous DNA to 
encode single or multiple genes for immunogenic proteins and allow faithful tran-
scription and translation from inserted genes and appropriate post-translational 
processing and transport (Moss and Flexner, 1987). Vaccinia also stimulates good 
cell-mediated and humoral inmiunity, is highly stable, and has been successful as 
a vaccine in the eradication of smallpox. 

To study the influence of both IL-5 and IL-6 on the development of antiviral 
mucosal antibody responses in vivo, we immunized mice intranasally with rVV 
encoding these factors. When lung sections were examined by immunofluorescent 
staining, far larger numbers of IgA ASC, clustered at foci of rVV infection, were 
seen in normal mice given VV-HA-IL-5 or VV-HA-IL-6 than in those given con-
trol virus (not shown). When we monitored the development of lung immunocytes 
secreting antibodies specific for the coexpressed HA glycoprotein by ELISPOT 
assay, we saw significantly greater numbers of anti-HA IgA ASC in the lungs of 
mice given VV-HA-IL-5 than in those given the control virus (Ramsay and Koho-
nen-Corish, 1993). The elevated response was first detected on Day 10 after infec-
tion and peaked on Day 14, at fourfold greater than control levels. This had de-
clined by Day 21, although anti-HA IgA ASC were found at significantly higher 
levels at this stage than in mice given control virus, and was still present on Day 
28, by which time responses in the control group had fallen below detectable 
levels. In contrast, essentially similar patterns of specific IgG reactivity were found 
and there was no evidence of enhanced systemic reactivity. The ability of mono-
clonal antibodies specific for mIL-5 to abolish the elevated response confirms that 
this factor was responsible for upregulating anti-HA IgA levels. We also used an 
ELISA to measure anti-HA IgA antibody levels in lung lavage fluids and found 
fourfold increases in IgA titers in mice given rVV expressing IL-5 by 28 days 
postinfection, and IL-6 at both 21 and 28 days. The titers presumably reflected the 
greater numbers of HA-specific IgA ASC found in lungs between Days 10 and 21 
and were of similar magnitude to the ASC responses. Thus, both IL-5 (notwith-
standing our findings in IL-5-deficient mice) and IL-6, when expressed in vivo as 
components of replicating rVV, are effective stimulators of antigen-specific muco-
sal IgA responses. 

A major concern about the use of VV as a vaccine vector for humans is that of 



258 Alistair J. Ramsay et al. 

safety. Another poxvirus with a restricted host range, fowlpoxvirus (FPV), is cur-
rently being tested as a vaccine vector and appears to be safe, as determined in 
laboratory animals and humans (Cox et al, 1993). The advantage of FPV over 
VV as a delivery vector is that FPV replication is blocked in mammalian cells; 
however, foreign genes under the control of early promoters are still expressed, 
resulting in presentation of heterologous protein to the immune system (Somogyi 
et al, 1993). This makes the virus potentially extremely safe but, nonetheless, 
highly immunogenic. We therefore studied the capacity of rFPV to deliver IL-6 
for the purposes of enhancing IgA responses (Leong et al, 1994). As seen with 
rVV, marked differences in mucosal antibody responses were found in mice given 
intranasal inocula of rFPV constructs. Strong IgA responses were found in the 
lungs of mice given FPV-HA-IL-6 by 1 week after immunization whereas no re-
sponses were detected in mice given control virus (Table II). Peak IgA responses 
(Week 4) were three- to fourfold higher in mice given FPV-HA-IL-6 than in con-
trols. Reactivity was greatly elevated when mice were boosted with FPV-HA-IL-6 
or challenged with a sublethal dose of wild-type influenza virus (Table II). 

TABLE II 

PRIMARY AND RECALL MUCOSAL A N T I - H A ANTIBODY RESPONSES IN M I C E 

GrvEN R F P V 

Time 

Primary responses 
Week 1 

Weeks 

Week 4 

Boosting at 3 weeks 
after immunization 
Week 1 

Challenge at 3 weeks 
after immunization 
Week 1 

Immunization with 

FPV-HA 
FPV-HA-IL6 
FPV-HA 
FPV-HA-IL6 
FPV-HA 
FPV-HA-IL6 

FPV-HA 
FPV-HA-IL6 

FPV-HA 
FPV-HA-IL6 

Number of anti-HA 
ASC/10^ 

IgG 

22.6 
114.0 
14.0 
41.4 
13.5 
45.3 

34.3 
262.2 

34.3 
312.2 

lung cells 

IgA 

0.0 
60.7 
28.0 
98.6 
20.0 
81.2 

33.3 
469.7 

33.3 
569.7 

Note. Groups of four mice were given 10̂  PFU virus intranasally and anti-HA ASC 
were determined at time intervals as indicated. At Week 3 postimmunization, some 
mice were given a booster, similar to the priming dose, or were challenged with a 
sublethal dose (10~^ HAU) of wild-type influenza virus intranasally. Recall antibody 
responses were determined 1 week later. 
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FPV-HA-IL-6 also induced significantly greater numbers of antigen-specific lung 
IgG ASC than control virus, which were also greatly augmented upon boost-
ing or challenge (Table II). These are findings of potential importance for the 
development of strategies to enhance recall antibody responses to vaccine 
antigens. 

Our approach may also be useful for stimulating mucosal inmiunity to a wide 
range of vector-encoded antigens, including HIV glycoprotein. In this respect, fur-
ther experiments are underway using a range of other established vectors engi-
neered to encode cytokine genes, including adenovirus and Salmonella, which may 
be more suitable for immunization by the oral route. We are also investigating the 
systemic and mucosal delivery of nucleic acid vaccines encoding cytokines for 
enhanced mucosal priming. The expression of cytokine genes may prevent compli-
cations associated with the inadvertent vaccination of immunodeficient individuals 
by attenuating the vaccine vector. Of particular importance, it should also be possi-
ble, with the appropriate choice of cytokines, to design a vaccine that selectively 
enhances desirable primary immune responses and primes for appropriate re-
sponses upon exposure to infectious antigen. 
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I. I N T R O D U C T I O N 

The intestinal mucosa contains numerous T cells distributed in the lamina propria 
and in the epithelium (intraepithelial lymphocytes: lEL) which, together with IgA 
plasma cells, form the effector limb of the gut lymphoid-associated system. Stud-
ies in rodents suggest that mucosal T cells can be divided into two subsets. One 
subset of thymodependent CDS"̂  aj8 TCR"̂  lymphocytes derives, as IgA plasma 
cells, from blastic precursors sensitized to intraluminal antigens in Peyer's patches, 
circulates within a hemolymphatic cycle, and homes back into the intestinal mu-
cosa (Guy-Grand and Vassalli, 1986; Guy-Grand et al, 1991). The majority of 
CD4"^ T cells remains in lamina propria whereas the majority of CD8"^ and a 
small number of CD4"^ T cells cross the basement membrane and distribute in 
between epithelial cells. In the intestinal mucosa, Peyer's patch-derived T cells 
can be activated by a new contact with the relevant antigen presented by lamina 
propria dendritic cells and probably in the epithelium by enterocytes. CD4^ lam-
ina propria T cells may favor the final differentiation of IgA plasma cells and 
control the local inflammatory response. IntraepitheHal T cells secrete lympho-
kines and are strongly cytotoxic (reviewed in Cerf-Bensussan et al, 1993). A sec-
ond subset of mucosal T lymphocytes derives from bone marrow precursors and 
migrates into the intestinal mucosa where they acquire, independently of the thy-
mus, an ap or a yS T-cell receptor, an unusual CD3 complex containing the 
FceRIy chain, the CDSa, chain and perhaps the CD8j8 chain. These thymoinde-
pendent lymphocytes localize in the gut epithelium, have a repertoire distinct from 
that of thymodependent T cells, and exhibit cytotoxic properties. However, the 
mechanisms involved in their differentiation, local expansion, and activation as 
well as their function(s) in mucosal defenses are not known (reviewed in Rocha 
et al, 1995). 
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Intestinal T cells, as other lymphocytes, express a vast array of adhesion mole-
cules. Recent studies have allowed definition of the nature of the adhesion mole-
cules expressed by intestinal T lymphocytes, to demonstrate their role in mucosal 
homing and to delineate some of their functions in the interactions of intestinal T 
lymphocytes with the local partners of the immune response. 

II . N A T U R E O F A D H E S I O N M O L E C U L E S E X P R E S S E D 

BY M U C O S A L T L Y M P H O C Y T E S 

Adhesion molecules on lymphocytes belong to several structural families. 

A. Selectins 

Selectins are 80- to 140-kDa single-chain integral membrane glycoproteins. Their 
main structural feature is an external N-terminal lectin-like domain responsible for 
their binding to complex sugars identical or related to sLe^. They play a major 
role in homing by favoring the initial step of loose and reversible interactions 
between circulating cells and endothelial cells. Three selectins have been individu-
alized, L-, E-, and P-selectins (reviewed in McEver et al, 1995). L-selectin is 
expressed by small mature lymphocytes, monocytes, and polymorphonuclear cells 
(PMNs) whereas E- and P-selectins are expressed by inflammatory endotheliums. 
L-selectin allows the binding of lymphocytes to sugars identical or related to sLe^ 
decorating mucin-like proteins expressed by endothelial cells: Glycam-1 on high 
endothelial venules (REV) in peripheral lymph nodes, CD34 on all blood vessels, 
and Made AM-1 on HEV in Peyer's patches and mesenteric lymph nodes (Berg et 
al, 1993; Hemmerich et al, 1994). Thereby, L-selectin is important for lympho-
cyte migration in peripheral and mesenteric lymph nodes as well as in Peyer's 
patches. However, L-selectin is shed from the lymphocyte cell surface during cell 
activation (Kahn et al, 1994; McEver et al, 1995) and is absent from most muco-
sal T cells (Salmi et al, 1995; Schmitz et al, 1988). In addition, lamina propria 
flat endothelium is thought to express a form of MadCAM-1 devoided of L-selec-
tin-binding carbohydrates (Berlin et al, 1995). Thus, L-selectin should not play 
an important role in intestinal homing to normal mucosa. Accordingly, anti-L-
selectin antibodies do not block adhesion of lamina propria blasts on intestinal 
endothelium (Salmi et al, 1995). 

B. Immunoglobulin Superfamily 

The immunoglobulin superfamily is a large family of molecules made of variable 
numbers of paired or unpaired Ig domains, each Ig domain being composed of 
90-100 amino acids arranged in a sandwich of two sheets of anti-parallel j8 strands 
and usually stabiUzed by a disulfide bond at its center. Several membrane receptors 
expressed by T cells belong to this family. They recognize complementary recep-
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tors on the surface of endothelial cells or of antigen presenting cells (APC) which 
may belong to the same family of proteins or to another family, the integrins 
(reviewed in Springer, 1990). Some proteins, such as CDS, CD28, CD4, and CDS, 
have a role in antigen recognition and signal transduction but do not efficiently 
participate in lymphocyte adhesion since their affinity for their ligand is too low. 
Others, such as CD2 and the intercellular adhesion molecules (ICAMs), have a 
role in lymphocyte adhesion (Fig. 1). 

1. CD2 
CD2 is a 50-kDa glycoprotein made of two immunoglobulin-like domains fol-
lowed by a transmembrane sequence and a COOH-terminal cytoplasmic region of 
116 or 117 residues. CD2 is expressed on all T cells and NK cells and binds 
CD58 (LFA-3), a 40- to 70-kDa, broadly distributed glycoprotein made of two 
immunoglobulin domains (reviewed in Bierer and Burakoff, 1989), and CD59, 
another broadly distributed glycoprotein of 18-20 kDa (Hahn et al, 1992). The 
role of CD2 in lymphocyte adhesion is demonstrated by the inhibitory effect of 
anti-CD2 antibodies on the formation of conjugates between T cells and APC or 
between cytotoxic T lymphocytes and their targets (Bierer and Burakoff, 1989). 
The affinity of the CD2/CD58 interactions has been estimated to be in the range 
of 10^ M~^. Electron microscopic measurements of intermembrane distance pre-
dict that interactions between CD2 and LFA-3 take place within a short intermem-
brane distance of 13 nm or less (Springer, 1990). In addition to its role in cell 
adhesion, CD2 transduces intracytoplasmic signals which synergize with signals 

APC 

B7.1-3 CD58 

Tcell ICAM-3 

Kd 10-6 10-5 10-4 
10-7 

FIGURE 1. Schematical representation of the interactions between antigen-presenting cells (APC) 
and T cells. The arrows indicate that a signal given to T cells via the CD3-TCR complex or via ICAM-
3 increases the avidity of LFA-1 for its ICAM-1 ligand and thus strengthens adhesion and interactions 
between APC and T cells. 
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given via CD3-TCR. Crosslinking of CD2 induces rise in cytoplasmic-free cal-
cium, inositol phosphate, and diacylglycerol mobilization, tyrosine phosphoryla-
tion of the ^ chain of CDS (Spruyt et al, 1991). 

In the human intestinal mucosa, most if not all intestinal T cells express CD2 
(Jarry et al, 1990; unpubHshed observations). The CD2 Hgand, CD58/LFA3, is 
expressed by many lamina propria cells, including cells of the histiomonocytic 
lineage and is also strongly expressed by enterocytes (unpubHshed observations). 
The interaction of CD2 with CD58 may thus play a role not only in the interac-
tions of lymphocytes with APC in lamina propria but also in the interactions of 
intraepithelial lymphocytes with enterocytes. 

2. ICAM-l and ICAM.3 
Two intercellular adhesion molecules, ICAM-l (CD54) and ICAM-3 (CD50), are 
expressed by lymphocytes. They are ligands for the (52 integrins, LFA-1, ex-
pressed by all leukocytes and MAC, expressed by polymorphonuclears cells and 
histiomonocytic cells (see below). Expression of ICAM-l (CD54) is induced by 
inflammatory cytokines (ILl, TNFa, y-interferon) on numerous cell types, includ-
ing macrophages, endothelial cells, and activated lymphocytes. ICAM-3 is consti-
tutively expressed on lymphocytes and monocytes. Via their interactions with their 
lymphocyte ligand LFA-1, these two molecules play a major role in lymphocyte 
adhesion (reviewed in Springer, 1990; Campanero et al, 1993). 

In tissue sections of normal intestine, ICAM-l is expressed on endothelial cells 
and large cells resembling macrophages. In inflamed intestinal mucosa, such as in 
graft rejection, there is a diffuse and intense staining of most lamina propria cells. 
In contrast, even in inflamed mucosa, its expression is detected neither on lEL nor 
on epithelial cells (Fromont et al, 1995). These in situ studies contrast with in 
vitro studies of intestinal epithelial cell lines which suggest that ICAM-l can be 
expressed by epithelial cells particularly after exposure to y-interferon (Kvale et 
al, 1992). ICAM-3 is strongly expressed by lamina propria and intraepithelial 
lymphocytes (unpublished observations). 

C. Integrins 

Integrins are integral membrane glycoproteins made of two different noncova-
lently bound a and j8 subunits of approximately 120-180 and 90-120 kDa, respec-
tively. Eight j8 chains (with 37-75% homology) and 14 a chains (with 25-65% 
homology) have been identified. One j8 chain can associate with different a 
chains, allowing definition of several subfamilies depending on the utilized /3 
chain. Some a chains (particularly aA) can also associate with several /3 chains. 
Integrins mediate adhesion of cells to extracellular matrix proteins (in which sev-
eral binding sites have been precisely identified) and/or cell-cell adhesion via 
counterreceptors which generally belong to the immunoglobulin superfamily. The 
external N-terminal domains of the a and /3 chains interact to form the ligand 
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binding site. The intracytoplasmic domains of the j8 chain are connected with 
cytoskeleton proteins such as a-actinin, vincuHn, and taUn and with signaling mol-
ecules. Through these connections, integrins participate in a bidirectional dialog 
across the cell membrane which modulates their binding avidity and/or results in 
signal transduction (reviewed in Hynes, 1992; Clark and Brugge, 1995). 

Avidity of integrins for their ligand is modulated by both extracellular and 
intracellular signals. At the basal state, integrins bind to their ligands with a rela-
tively low affinity. Following binding to their ligands or cell activation, their avid-
ity for their ligands can be multiplied more than 100 times (Hynes, 1992). These 
changes result from a redistribution of the integrin in the areas of cell contact 
regulated by the interactions of the intracytoplasmic domain of the /3 chain with 
cytoskeleton proteins, as well as from conformational changes of the integrins 
which may be regulated via the intracytoplasmic domain of the a chain (Clark and 
Brugge, 1995). Besides their function in adhesion, integrins participate in signal 
transduction. Thus, activation of integrins can stimulate several tyrosine kinases, 
particularly the ppl25^^^, some tyrosine phosphatases, the phosphoinositide, and 
the RAS-MAP kinases pathways. The nature of the signaling pathways seem to 
vary for the different integrins and in the different cell types (reviewed in Clark 
and Brugge, 1995). 

The j81, /32, and j87 integrins are expressed by lymphocytes and play a role in 
their migration and activation. 

1. LFA-l 
LFA-1 (aL/32 or CD 11 a/CD 18) is expressed on all leukocytes. By interacting with 
its ICAM-1 and ICAM-3 ligands, LFA-1 contributes to lymphocyte activation by 
APC, to T and B cell interactions and to interactions of killer lymphocytes with 
their target cells (Springer, 1990). By interacting with its ICAM-1 and ICAM-2 
ligands (the latter constitutively expressed by all endothelial cells), LFA-1 medi-
ates adhesion strengthening to endothelium and diapedesis of lymphocytes, mono-
cytes, and PMNs in many sites (Springer, 1994). LFA-1 has a higher binding 
avidity for ICAM-1 than for its other ligands. Moreover, its binding avidity for 
ICAM-1 can be modulated by many stimuli, some of which may be important in 
vivo. Thus, in T cells, activation of the CD3-TCR pathway induces a transient 
increase in the avidity of LFA-1 which favors specific contacts between T cells 
and APC or target cells (Dustin and Springer, 1989). Binding of ICAM-3 on T 
cells by LFA-1 on APC activates T cell p56^̂ ^ and p59 ^̂ ^ tyrosine kinases (Juan 
et al, 1994). This signal increases the avidity of the LFA-1 molecule expressed 
by lymphocytes for its other ligand ICAM-1 present on APC (Campanero et al, 
1993), thereby promoting the interactions of T cells with APC and the exchange 
of specific signals (Fig. 1). 

In the intestinal mucosa, LFA-1 is strongly expressed by all lamina propria T 
cells and macrophages (unpublished observations). It is also expressed by lELs, 
albeit at a lower level (Jarry et al, 1990). As indicated above, ICAM-1 and -3 are 
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expressed by most if not all lamina propria mononuclear cells, ICAM-1 and -2 by 
intestinal endothelial cells. In contrast, ICAM-1, -2, and -3 are not expressed by 
epithelial cells. The distribution of LFA-1 and of its ligands suggests that LFA-1 
plays an important role in the interactions of lamina propria but not of intraepithel-
ial lymphocytes with their local microenvironment. 

2. VLA-4 
VLA-4(a4/31 or CD49d/CD29) is expressed on most circulating lymphocytes and 
monocytes. It is a matrix receptor for an alternatively spliced fragment of fibro-
nectin, a cellular ligand for VCAM-1, a molecule of the Ig superfamily expressed 
by activated endothelial cells and APC as well as a receptor for invasin, an outer 
membrane protein of Yersinia pseudotuberculosis (Masumoto and Hemler, 1993). 
Experimental studies indicate that VLA-4 plays a role in T-cell activation, in T-
cell-mediated killing, and in lymphocyte homing to sites of chronic inflammation 
(Van Seventer et al, 1991; Lobb and Hemler, 1994). In the intestine, lamina pro-
pria lymphocytes express aA and /31 (Salmi et al, 1995). Expression of j81 is 
variable on lEL but is generally low or absent (Jarry et al, 1988). VCAM-1 is 
expressed on large lamina propria cells (Fromont et al, 1995), suggesting that 
VLA-4A'̂ CAM-1 may play a role in the interactions of lamina propria lympho-
cytes with mucosal APC. In contrast, VCAM-1 expression by endothelial cells is 
weak and inconstant in normal individuals and is not detected in inflamed mucosa 
(Fromont et al, 1995; Koizumi et al, 1992), suggesting that VCAM-1 does not 
have an important role in the migration into the intestinal mucosa. Accordingly, 
anti-j81 antibodies have no effect on the binding of lamina propria lymphoblasts 
to mucosal endothelial cells (Salmi et al, 1995). 

3. aAfi? 
The aAfil integrin is expressed by lymphocytes and monocytes. Its expression, as 
that of a4/31, increases following lymphocyte activation. In human peripheral 
blood, it is expressed by most newborn T lymphocytes and by approximately 50% 
of T cells (Erie et al, 1994). Its expression is very high in the human intestinal 
lamina propria lymphocytes but is approximately 10 times less on lEL, (Salmi et 
al, 1995; personal observations). Similar to a4/31, a4jS7 can bind fibronectin and 
VCAM-1 (Postigo et al, 1993). However, its main Hgand is MadCAM-1, a protein 
containing three immunoglobulin domains and one mucin-like domain, which is 
expressed by HEV in Peyer's patches and mesenteric lymph nodes and by the flat 
endothelium in lamina propria. Recent studies indicate that the interactions of 
a4j87 and MadCAM-1 play a major role in lymphocyte homing to Peyer's patches 
and lamina propria (Berlin et al, 1993; Erie et al, 1994). In mice and in humans, 
TGF^ downregulates a4 expression and induces expression of another integrin a 
chain, aE, which associates with j87 to form a distinct integrin, aEpi (Kilshaw 
and Murant, 1991; Parker et al, 1992). 
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4. aEjSZ (CD103) 
The a^lil (CD 103) integrin was initially defined by the HML-1 monoclonal anti-
body in humans (Cerf-Bensussan et al, 1987) and by the M290 monoclonal anti-
body in mice (Kilshaw et al, 1990). It is strongly expressed by lEL in the gut 
epithelium as well in other epitheliums (Cerf-Bensussan et al, 1987, 1988) and 
appears on human peripheral T cells, particularly CD8'^, after several days of 
activation (Schiefferdecker et al, 1990). It is also expressed by tumoral lEL in 
enteropathy-associated T-cell lymphomas (Spencer et al, 1988) and in Mycosis 
fungoides (Simonitsch et al, 1994). Finally, studies in rats (Cerf-Bensussan et al, 
1986) and in chicken (Haury et al, 1993) suggest that the a^pi integrin is also 
present on lELs in these species. The restricted distribution of aEj87/CD103 is 
likely related to the large production of TGFjS by epithelial cells (Barnard et al, 
1993) and by some activated T cells (Lucas et al, 1990). 

Recent work has demonstrated that CD 103 mediates the binding of lEL to 
epitheUal cells (Cepek et al, 1993; Benmerah et al, 1994; Roberts and Kilshaw, 
1994). Furthermore, its epithelial ligand has been identified as the E-cadherin 
(Cepek et al, 1994), an epithelial membrane protein previously known for its role 
in homophilic interactions between epithelial cells, in epithelial morphogenesis 
and formation of adherent junctions (Takeichi, 1991). It is interesting to observe 
that lELs may bind to a form of E-cadherin distinct from that involved in the 
formation of the adherent junctions. Indeed, to ensure adhesion between epithelial 
cells, E-cadherin must associate with several intracytoplasmic proteins, the a- and 
j8-catenins which connect the intracytoplasmic domain of E-cadherin with actin-
based cytoskeleton (Kemler, 1993). In contrast, the association of E-cadherin with 
a-catenin and cytoskeleton does not seem to be required for lymphoepithelial in-
teractions since adhesion of lymphocytes via CD 103 was normal on an a-catenin-
deficient epithelial cell line (Benmerah and Cerf-Bensussan, unpublished observa-
tions). 

Experiments in animals suggest that the interactions of a^pi/CD103 on lELs 
and E-cadherin on epithelial cells do not play a role in lymphocyte homing into 
the epithelial layer (Cerf-Bensussan et al, 1988, Haury et al, 1993). However, 
these interactions may perhaps promote exchange of signals between the two cell 
types. On the one hand, E-cadherin is involved in the control of several epithelial 
functions including epithelial cell growth (Peifer, 1993). lEL may perhaps trans-
duce, via CD 103, signals modulating epithelial functions. On the other hand, E-
cadherin may provide signals regulating lEL's activation. The observation that sev-
eral anti-CD 103 antibodies strongly enhance activation of human gut lELs via the 
CD3-TcR pathway sustains this hypothesis (Samacki et al, 1992). 

Besides its function in lymphoepithelial interactions, the CD103 integrin may 
have a role in lymphocyte interactions. Thus, one anti-CD103 antibody, HML-4 
induces a strong homotypic aggregation of CD 103"^ lymphocytes which is medi-
ated via CD 103 and may involved homophilic CD103-CD103 interactions (Benm-
erah et al, 1994). The physiological role of CD 103-mediated adhesion between 
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lymphocytes remains to be investigated. In vitro studies suggest that homotypic 
aggregation is associated with the transduction of an activating signal into lympho-
cytes (Samacki et al, 1992; unpubHshed observations). Such interactions may be-
come important in inflamed epitheliums, as in cehac disease when the epithelium 
is overcrowed by lEL. 

D. Proteoglycan/Cartilage-Link Protein CD44 

CD44 (H-CAM, Pgp-1) is a single-chain molecule of the proteoglycan family ex-
pressed on a wide range of cells in multiple variant isoforms generated by alterna-
tive splicing, by multiple N- and 0-glycosylations and covalent linkage to chon-
droitin-sulfate. On hematopietic cells, including lymphocytes, the predominant 
form has an extracellular domain encoded by seven exons. The 37-kDa protein 
core is heavily N- and 0-glycosylated to yield a 85- to 100-kDa mature protein. 
Variant forms with an extracellular domain encoded by additional exons can be 
observed, particularly after lymphocyte activation which also enhances the level 
of CD44 expression (reviewed in Stauder and Giinthert, 1995). 

The major ligand for CD44 is hyaluronic acid, but other components of the 
extracellular matrix, like fibronectin, collagen, and a sulfated proteoglycan, have 
been described as ligands for CD44. The avidity of the various isoforms of CD44 
for hyaluronic acid is variable and increases in lymphocytes following activation 
of protein kinase C which interacts with the cytoplasmic tail of CD44 (Lesley et 
al, 1992). 

A growing number of functions have been assigned to CD44. In lymphocytes, 
CD44 may serve an accessory role in T-cell activation (reviewed in Stauder and 
Giinthert, 1995). In addition, CD44 is involved in lymphocyte homing. Thus, 
CD44 expression by lymphocytes was correlated with their ability to bind HEV 
and an anti-CD44 polyclonal antibody blocked lymphocyte binding to peripheral, 
synovial, and mucosal HEV (reviewed in Salmi and Jalkanen, 1991). The effect 
of CD44 may be to enhance lymphocyte contact with HEV, which synthethize 
hyaluronic acid, and to favor retention in tissues. CD44 may also favor diapedesis 
since studies of CD44-transfected melanomatous cells have shown induction of 
cell mobility by the hematopietic form of CD44 (Thomas et al, 1992). Endothelial 
CD44 may also contribute to lymphocyte homing since, in vitro, CD44 can present 
chemokines such as MIPl/3 to lymphocytes. This chemokine activates the high-
avidity conformation of integrins, probably via a G-protein-linked receptor, and 
thus stimulates lymphocyte adhesion (Tanaka et al, 1993). Finally, besides a gen-
eral function in lymphocyte migration, CD44 may more specifically enhance mu-
cosal homing. Thus, one anti-CD44 monoclonal antibody, Hermes-3, specifically 
blocked binding to mucosal HEV. Furthermore, CD44 purified from lymphocytes 
but not from epithehal cells bound to the MadCAM-1 mucosal addressin, an inter-
action which was blocked by Hermes 3 via a domain distinct from the hyaluro-
nate-binding site (reviewed in Salmi and Jalkanen, 1991). 
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III. F U N C T I O N S O F A D H E S I O N M O L E C U L E S E X P R E S S E D 

BY M U C O S A L T L Y M P H O C Y T E S 

A. Functions of Adhesion Molecules in Homing of PP-Derived 
Blasts into the Intestinal Mucosa 

Homing of lymphocytes into the intestinal mucosa is reviewed in another chapter 
and will be only considered briefly. In vitro studies showed that antibodies against 
CD44, LFA-1, and a4j87 could partially block the adhesion of human intestinal 
lymphoblasts on intestinal endothelium (Salmi et al, 1995). In vivo studies in 
rodents have confirmed the partial inhibitory effect of anti-LFA-1 and antia4/37 
antibodies on lymphocyte homing into the intestine (Hamann et al, 1994). Recent 
work indicates that a4/37 can replace L-selectin (absent of most intestinal lympho-
cytes; see above) and support the initial step of loose and reversible attachment of 
lymphocytes on MadCAM-1"^ lamina propria venules (Berlin et al, 1995). a4/37, 
and probably LFA-1, then contribute to the second step of firm adhesion which 
precedes diapedesis and extravasation. The role of CD44 remains less well under-
stood (see above). 

B. Functions of Adhesion Molecules in the Migration 
of T Lymphocytes in the Gut Epithelium 

The mechanisms involved in the preferential localization of CDS"^ T cells and in 
the migration of some lymphoid precursors into the epithelium remain unknown. 
As indicated above, there is no evidence for a role for the CD 103 integrin. Lamina 
propria lymphocytes and, at a lesser level, lEL express Q:4J81 and a4j87, two recep-
tors for fibronectin. They express CD44, a receptor for hyaluronic acid, fibronec-
tin, and collagen. Some lEL also express al/31, another integrin which is a recep-
tor for collagen (Hynes, 1992; unpublished observations). These receptors may 
favor interactions of intestinal lymphocytes with the epithelial basement mem-
brane rich in fibronectin, collagen, and hyaluronic acid and thus promote lympho-
cyte entrance into the epithelium. In addition, the gut epithelium, as other epitheli-
ums, may secrete chemotactic factors able to activate the integrins and to promote 
the lymphocyte movement across the basement membrane. The production by in-
testinal epithelial cell lines of many chemokines including IL-8 (Eckmann et al, 
1993) and, moreover, MlPla and -p, known for their chemoattractant activity 
toward T cells (Tanaka et al, 1993, Yang et al, 1995), supports this hypothesis 
(Fig. 2). 

C. Role of Adhesion Molecules in Activation and Functions 
of Lamina Propria Lymphocytes 

After migration in the intestinal mucosa, the effector functions of Peyer's patch-
derived lamina propria T cells are triggered by a new contact with the sensitizing 



272 Alexandre Benmerah, Natacha Patey, and Nadine Cerf-Bensussan 

E-cadherin 

MHCclassI ^ „ 3 . ^ ^ ^ 

i 'V hyaluronic acî  
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FIGURE 2. Hypothetical model of lymphoepithelial interactions. 

antigen. The mechanisms which control the activation of intestinal T lymphocytes 
are not known. In the intestinal lamina propria, a large number of cells with the 
phenotypic and functional characteristics of macrophages and dendritic cells have 
been demonstrated (Bland and Kambarage, 1991; Pavli et al, 1993). The role of 
adhesion molecules in the activation of lamina propria T cells by lamina propria 
APC has not been investigated specifically but is probably comparable to their 
role in other lymphoid organs. As indicated above, lamina propria T cells express 
CD2, CD50/ICAM-3, and LFA-1 and thus can interact with CD58/LFA-3, CD54/ 
ICAM-1, and CD50/ICAM-3 expressed on lamina propria APC to favor specific 
contacts between the CD3/TcR complex of T cells and the antigenic peptides pre-
sented by MHC molecules on APC (Fig. 1). As previously discussed, these interac-
tions not only promote cell contacts but also allow the transduction of accessory 
signals which synergize with specific signals transduced via the CD3-TCR com-
plex. Activation of lamina propria T cells, mainly CD4'^, triggers the release of 
lymphokines able to enhance the local production of immuglobulins or to stimu-
late the inflammatory response of lamina propria macrophages, polymorphonucle-
ars, mast cells, and endothelial cells necessary to prevent dissemination of infec-
tious agents. In addition, lamina propria contains some cytotoxic CDS"^ T cells 
which may contribute to the elimination of macrophages infected by viruses or 
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intracellular bacteriae. Adhesion of T cells on their infected targets can be medi-
ated via the interactions of CD2 with CD58/LFA-3 and of LFA-1 with ICAM-1/ 
CD54 (Shaw et aU 1986). 

D. Role of Adhesion Molecules in Activation and Functions 
of Intraepithelial Lymphocytes 

The normal gut epithelium contains no or very few conventional APC susceptible 
to present antigen to lEL. This function may be at least partially fulfilled by en-
terocytes. Indeed, a number of specific signals could be delivered in the epithehal 
layer to the CD3-TCR complex of lELs. Enterocytes express class I MHC anti-
gens and thus could present peptides derived from viruses or intracellular bacteriae 
to CD8+ thymodependent aj8 lEL (Shawar et al, 1994) (Fig. 2). ViUi enterocytes 
(and in certain circumstances crypt enterocytes) express class II MHC molecules, 
which may allow presentation of enterotoxins (unpublished observations) and per-
haps of other soluble antigens to lEL (reviewed in Bland and Kambarage, 1991). 
Finally, recent work suggests that specific signals may be delivered to lEL by class 
I-like molecules, some of which are specifically expressed by the gut epithelium 
(Panja et al, 1993; Shawar et ai, 1994) or even by small components indepen-
dently of any MHC presentation in the case of yS lEL (Constant et al, 1994). 
Conversely, epithelial cells infected by virus or damaged by enterotoxins can 
likely become targets for cytotoxic lEL (reviewed in Cerf-Bensussan et al, 1993). 
Several adhesion molecules may favor these lymphoepithelial interactions (Fig. 2). 
The CD2 molecule on lELs could interact with LFA-3/CD58 on epithelial cells. 
In contrast, interactions between LFA-1 and CD54/ICAM-1, which play a major 
role in the periphery, may not take place or have only a minor role in the intestinal 
epithelium. As discussed above, LFA-1 is expressed by lEL, albeit often at a low 
level. Furthermore, it is difficult to detect in situ expression of ICAM-1 on epithe-
lial cells. We suggest that the interactions of CD 103 on lEL and E-cadherin on 
epithelial cells substitute in the intestinal epithelium for the LFA-l/ICAM-1 inter-
actions. Anti-CD103 antibodies, which block adhesion of lEL on epithelial cells, 
also blocks the cytotoxicity of lEL against epithelial cells (Roberts et al, 1993, 
Roberts and Kilshaw, 1994), indicating that CD 103 is important to allow the con-
tact of lEL with their epithelial targets. Furthermore, an accessory signal may be 
transduced via CD 103 into lymphocytes, a signal which synergized with the spe-
cific signal given via CD3-TCR. Thus, one anti-CD 103 antibody obtained against 
mouse lELs triggered the cytotoxicity of lEL (Lefran9ois et al, 1994). Further-
more, anti-CD 103 antibodies used to mimick the effect of E-cadherin strongly 
potentiaHzed the activation of lEL through the CD3-TcR pathway (Samacki et al, 
1992). 
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IV. C O N C L U S I O N 

Experimental studies have allowed delineation of some of the unusual homing and 
functional properties of gut-associated lymphocytes. A large number of adhesion 
molecules likely to participate in the interactions of gut lymphocytes with their 
microenvironment have been identified. However, it must be emphasized that the 
precise role of each of these molecules at the various steps of the intestinal im-
mune response remains largely hypothetical. The large number of antibodies now 
available against these molecules represents useful tools to identify molecules cru-
cial for recruitment and/or activation of gut lymphocytes and thus to identify pos-
sible targets for immunointervention in intestinal diseases related to immune disor-
ders. 
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I. I N T R O D U C T I O N 

The intestinal mucosa is continuously exposed to a variety of foreign antigens. 
Intestinal mucosal lymphocytes, the intraepithelial lymphocytes (lELs), and lamina 
propria lymphocytes (LPLs), located adjacent to the intestinal lumen and mucosal 
barrier, may initiate local immune responses to those exogenous antigens (Taguchi 
et aL, 1991; Barrett et al, 1992; Kerckhove et al, 1992), monitor intestinal entero-
cytes, and respond to nonpolymorphic molecules expressed on the surface of epi-
thelial cells (Balk et al, 1991; Panja et al, 1993). Recent studies have demon-
strated that interactions between mucosal lymphocytes and intestinal epithelial 
cells are crucial for maintaining mucosal immunity. In fact, Blumberg et al have 
reported that CD Id expressed on intestinal epithelial cells was shown to be an 
important ligand for CDS"^ mucosal T-cell-epithelial cell interactions (Balk et al, 
1991). The mucosal lymphocytes may serve a critical role in the mucosal immune 
system by providing immune surveillance of epithelial cells (Janeway et al, 1988). 
However, little is known about the precise mechanism by which functional differ-
entiation and proliferation of these cells occurs in the intestinal mucosa. Although 
recent studies have shown that cytokines released from mucosal mononuclear cells 
may affect intestinal epithelial cell differentiation (Sadlack et al., 1993; Kuhn et 
al, 1993), the signals originating from epithelial cells that may regulate mucosal 
lymphocytes are yet to be defined. It has been reported that mucosal lymphocytes 
proliferate minimally to mitogens or stimulation through the CD3 pathway. This 
in vitro hyporesponsiveness of mucosal lymphocytes is supposed to be due to the 
absence of essential growth factor. 

Interleukin-7 (IL-7) is a stromal cell-derived pleiotropic cytokine with 
lymphoid precursor cell growth-promoting activity (Namen et al, 1988; Goodwin 
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et al, 1989; Morrissey et al, 1989; Chazen et al, 1989; Welch et al, 1989; 
Armitage et al, 1990). Our recent studies have demonstrated IL-7 mRNA expres-
sion and IL-7 protein production in the intestinal epithelial cells (Watanabe et al, 
1993, 1995). These results, in concert with the findings that IL-7 receptors are 
expressed by mucosal lymphocytes (Watanabe et al, 1993, 1995; Marasco et al, 
1995; Fujihashi et al, 1995, 1996), suggest that IL-7 regulates the proHferation of 
the intestinal mucosal lymphocytes. This review focuses on intestinal epithelial 
cell-derived IL-7 as a regulatory factor for the intestinal mucosal lymphocytes. 

II . I N T E R L E U K I N - 7 AS A R E G U L A T O R Y F A C T O R 

FOR P E R I P H E R A L T C E L L S 

IL-7 was originally described as a growth factor for precursor B cells (Namen et 
al, 1988; Goodwin et al, 1989; Morrissey et al, 1989). Subsequent in vitro stud-
ies have demonstrated that IL-7 is also a potent costimulus for both murine and 
human, immature and mature cells of the T-cell lineage in the thymus (Chazen et 
al, 1989; Welch et al, 1989; Armitage et al, 1990; Goodwin and Namen, 1991; 
Appasamy, 1993). In mouse, abundant IL-7 mRNA expression has been demon-
strated in bone marrow stromal cells, thymus, spleen, liver, kidney, and keratino-
cytes (Namen et al, 1988; Heufler et al, 1993; Wiles et al, 1992). However, in 
the human tissues, the localization of IL-7 expression is not yet clearly defined. 
Recent studies have shown that IL-7 is expressed in human thymus, spleen, and 
keratinocytes (Goodwin and Namen, 1991; Appasamy et al, 1993; Heufler et al, 
1993), though a potential role of IL-7 in peripheral lymphoid tissues remains un-
clear. 

Morrissey et al (1989) have found that IL-7 could stimulate proliferation, IL-2 
receptor expression, and IL-2 production by mature lymph node T cells. Human 
peripheral blood T cells proliferate in response to IL-7 after being stimulated with 
anti-CD3 antibody or mitogens in short-duration cultures. IL-7 was sufficient to 
promote growth without costimulation of other cytokines in long-term cultures. 
Many other investigators have also confirmed the costimulatory effects of IL-7 on 
peripheral mature T-cell proliferation (Armitage et al, 1990; Londei et al, 1990). 
Moreover, IL-7 enhances the generation of peripheral cytotoxic T cell (Alderson 
et al, 1990) and lymphokine-activated killer cells (Alderson et al, 1990; Stotter 
et al, 1991), and induces proinflammatory cytokine secretion and tumoricidal ac-
tivity of peripheral blood monocytes (Alderson et al, 1991). 

It has been shown that IL-7 induces an increase in Q:/3 TCR'^CD4"CD8" T cells 
in the lymph node and spleen of athymic nude mice (Kenai et al, 1993). IL-7 has 
also been shown to be an essential cofactor for V(D)J rearrangement of the T-cell 
receptor j8 gene in precursor T ceUs (Muegge et al, 1993). Moreover, recent 
evidence of an extrathymic pool of afS TCR"̂  mucosal lymphocytes in the gut 
suggests that intestinal epithehal cells may share some differentiation-inducing 
capacities with thymic epithehal cells, leading to in situ T-cell receptor re-
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arrangement of extrathymically derived T cells (Rocha et al, 1991). These results 
suggested a potential role of IL-7 in peripheral lymphoid tissues. 

III. N O R M A L H U M A N I N T E S T I N A L E P I T H E L L \ L C E L L S 

E X P R E S S IL-7 M R N A A N D P R O D U C E IL-7 P R O T E I N 

We have shown that normal human and murine intestinal epithelial cells express 
IL-7 mRNA and produce IL-7 protein (Watanabe et al, 1995). Reverse-transcrip-
tion PCR analysis using human IL-7-specific primers demonstrated IL-7 mRNA 
expression in normal human colonic tissues. Southern blot hybridization using IL-
7-specific probe confirmed the expression of IL-7 mRNA in the human colonic 
mucosa (Fig. 1). IL-7 mRNA expression was detected in the colon, and a detect-
able expression of IL-7 was found at other sites in the gastrointestinal tract. In our 
PCR and Southern blot analysis, IL-7 mRNA was not readily detectable in the 
normal human thymus tissues as previously reported (Goodwin and Namen, 1991). 

To assess the localization of IL-7 mRNA in the intestinal mucosa, we used in 
situ hybridization, which clearly yielded IL-7 mRNA expression in the intestinal 
epithehal cells (Fig. 2) (Watanabe et al, 1995). All intestinal epithehal cells 
stained positively, but the strongly positive-staining cells are intestinal goblet cells 
in the mucosa. Immunohistochemical analysis using an anti-human IL-7 mAb con-
firmed IL-7 protein expression in the human intestinal epithelial cells and intesti-
nal goblet cells in normal intestinal mucosal tissues (Fig. 3). We then assessed the 
IL-7 mRNA expression in human colonic epithehal cell lines that can be induced 
to assume distinctive phenotype. Southern blotting analysis demonstrated that IL-
7 mRNA was expressed in the 18-N2 subclone of HT29 in parallel with goblet 

I. I "B o: 
H U Q X 
J J J ii 
Z Z Z c/3 

IL-7 681bp — 

FIGURE 1. Southern blot hybridization demonstrated the expression of IL-7 mRNA in the normal 
human intestinal mucosa. IL-7 mRNA expression was detected in the colon, but was only barely 
detectable at other sites in the gastrointestinal tract. Note that IL-7 mRNA was not readily detectable 
in the normal human thymus tissues as reported, in contrast to the constitutive G3PDH mRNA. PCR 
products were blotted onto nylon membrane and hybridized with IL-7 gene-specific cDNA oligonucleo-
tide probe labeled with digoxigenin. The specificity of the amplified bands for IL-7 was validated by 
their predicted size (681 bp). Markers represent 100-bp DNA ladder. SK-HEP-1, the cell line that was 
used to clone the cDNA for the human IL-7, served as a positive control. 
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FIGURE 2. In situ hybridization demonstrated the expression and locaUzation of IL-7 mRNA in the 
human intestinal epithehal cells. Phase contrast micrograph of a human colonic mucosa following 
colorimetric detection of hybridized digoxigenin-labeled human IL-7 oligonucleotide antisense (a) and 
sense (as a negative control) (b) probes. IL-7 mRNA was expressed in the colonic epithelial cells and 
epithelial goblet cells in the intestinal mucosa. 

cell phenotypic features such as the expression of mucin glycoprotein and typical 
morphological features (Podolsky et al, 1993). IL-7 mRNA expression could be 
detected in relatively small amounts in the HT29-18-N2 line before phenotypic 
differentiation, but the expression level was significantly increased after emer-
gence of the colonic goblet cell phenotype. IL-7 mRNA expression in the HT29-
18-N2 line was significantly increased after interferon-y stimulation. In contrast, 
the Caco-2 cell line did not express IL-7 mRNA after induction of the enterocytic 
phenotype or interferon-y stimulation. These results indicated that IL-7 mRNA 
expression is selectively associated with the goblet cell differentiation among vari-
ous cell lines. All these results suggested that IL-7 protein is produced by intestinal 
epithelial cells, and the epithelial goblet cells are the likely major source of IL-7 
in their tissues. 

Coste et al. (1995) showed the differential expression of IL-7 by intestinal 
epithelial cells isolated from tip and crypt portions of villi. Increased IL-7 expres-
sion was noted in the crypt epithehal cells compared with the tip epithelium. This 
finding is consisted with our finding as the epithelial goblet cells are enriched in 
the crypt portion of intestinal vilH. 
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FIGURE 5. Immunohistochemical analysis using rabbit anti-human IL-7 Ab confirmed IL-7 protein 
expression in the human intestinal epithelial cells and epithelial goblet cells. The reactivity of anti-
human IL-7 IgG Ab (10 )Ltg/ml)(a), but not control rabbit IgG (10 /ig/ml) (b) is confined to the colonic 
epithelial cells in the normal human intestinal mucosal tissues. Note that biotin-conjugated goat anti-
rabbit Ab alone did not show the reactivity. 

IV. N O R M A L H U M A N I N T E S T I N A L M U C O S A L L Y M P H O C Y T E S 

E X P R E S S IL-7 R E C E P T O R O N T H E C E L L S U R F A C E 

How does locally produced IL-7 regulate mucosal lymphocytes? Localization of 
the IL-7 receptor, like that of IL-7 itself, is not well defined in the human tissues 
(Park et ah, 1990; Goodwin et al, 1990; Benjamin et al, 1994). IL-7 functional 
high-affinity receptor is a heterodimeric complex of two chains, the IL-7 receptor/ 
p90 and the common gamma chain (yc, p64) (Appasamy, 1993). We have shown 
that IL-7 receptor was expressed in the human intestinal epithelial cell lines and 
intestinal epithelial cells in the human tissues by Southern blot (Fig. 4) and in situ 
hybridization (Watanabe et al, 1995). Interestingly, human colonic epithelial cell 
lines Caco-2, COLO205, and HT29-N2 expressed IL-7 receptor mRNA. However, 
HT29-18-N2 expressed no detectable expression of IL-7 receptor when it pro-
duced IL-7 protein. Reinecker and Podolsky (1995) have demonstrated that human 
colonic epithelial cells express functional IL-7 receptor sharing a common 7c 
chain of the IL-2 receptor. The other group also found the expression of p90 and 
p64 chains of the IL-7 receptor in the human colonic epithelial cell line (Marasco 
et al, 1995). 
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FIGURE 4. Southern blot hybridization demonstrated the IL-7 receptor mRNA expression in freshly 
isolated LPLs from human intestinal mucosa. The specificity of the amplified bands for IL-7 receptor 
mRNA was validated by their predicted size (362 bp). Markers represent 100-bp DNA ladder. WI-26 
VA4, the cell line that was used to clone the cDNA for the human IL-7 receptor, served as a positive 
control. Human B-cell lymphoma cell lines Daudi and Raji and human hepatocyte cell line Chang 
expressed IL-7 receptor mRNA. Interestingly, human colonic epithelial cell line Caco-2 also expressed 
IL-7 receptor mRNA. However, human colonic epitheUal cell line HT29-18-N2 showed no detectable 
expression of IL-7 receptor. For internal standard, amplified bands for G3PDH were used. 

Since IL-7 has been shown previously to stimulate the growth of T-cell progeni-
tors in mouse thymus and fetal liver (Namen et ah, 1988), we sought to determine 
whether locally produced IL-7 in the intestinal mucosa affects mucosal lympho-
cytes. We studied IL-7 receptor expression in the mucosal lymphocytes (Watanabe 
et ah, 1995). Immunohistochemical analysis demonstrated that both LPLs and 
lELs in the normal human colonic mucosa express the receptor for IL-7. We also 
used in situ hybridization, which yielded IL-7 receptor mRNA expression in the 
intestinal mucosal lymphocytes and intestinal epithelial cells in normal colonic 
mucosa. We then isolated mucosal lymphocytes from human colonic tissue, and 
studied the expression of IL-7 receptor mRNA and cell surface expression of IL-
7 receptor. PCR and Southern blot analysis demonstrated IL-7 receptor mRNA in 
the LPLs of normal intestinal mucosa. The cell surface expression of IL-7 receptor 
by mucosal lymphocytes was confirmed using flow cytometric analysis of freshly 
isolated LPLs. On the contrary, IL-7 receptor was not found in freshly isolated 
PBLs, though those PBLs were shown to express IL-7 mRNA by Southern blot 
hybridization. Previous studies have shown that IL-7 stimulates the proliferation 
of human mature T cells only after exogenous stimulation in short-term culture 
(Welch et al, 1989; Armitage et al, 1990). Our result, in concert with these find-
ings, suggests that IL-7 receptor protein on the cell surface is not expressed by 
resting PBLs, but rather is expressed by those PBLs after activation. Therefore, 
our results indicate that mucosal lymphocytes may be activated with con-
tinuous stimulation by a number of microbial or self antigens, and express IL-7 
receptor. 
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Marasco et al. (1995) showed that mRNA transcripts for IL-7 receptor/p90 and 
7S/p64 were expressed in human intestinal lamina propria mononuclear cells from 
biopsy samples of normal controls and patients with ulcerative colitis. Fujihashi et 
al (1996) have demonstrated that a subset of murine intestinal ySlELs, especially 
cells with dim expression of yd TCR"̂  (76^ "̂̂  T cells), constitutively expressed 
IL-7 receptor. IL-7 receptor expression on these yd T cells in the intestinal epithe-
lium was induced by stem cell factor, a ligand for c-kit. 

V. IL-7 R E G U L A T E S T H E P R O L I F E R A T I O N O F I N T E S T I N A L 

M U C O S A L L Y M P H O C Y T E S 

Subsequently, functional activity of IL-7 receptor was assessed by the utility of 
exogenous recombinant IL-7 to stimulate the growth of freshly isolated intestinal 
mucosal lymphocytes. We have demonstrated that rIL-7 alone stimulates a sig-
nificant increase in DNA synthesis, and causes an eventual increase in cell recov-
ery of isolated mucosal lymphocytes (Watanabe et al., 1995). Unexpectedly, rIL-7 
inhibited anti-CD3 mAb-induced DNA synthesis and proliferative responses of 
LPLs in a dose-dependent fashion. The numbers of cells in LPL cultures after 
stimulation with rIL-7 and anti-CD3 mAb were significantly decreased, compared 
with those in the culture with rIL-2 alone, rIL-7 alone, or rIL-7 and mitogens. 
These results differed significantly from those seen in proliferative responses of 
PBLs. IL-7 acted synergistically with anti-CD3 stimulation for the induction of 
the proliferation of human mature T cells and tumor-infiltrating lymphocytes from 
renal cell carcinoma (Sica et al, 1993). Since previous studies have also shown 
that IL-7 is not directly mitogenic on peripheral blood T cells in short-term culture 
(Armitage et al, 1990), our results suggest that IL-7 acts quite differently on 
mucosal and peripheral lymphocytes. It is possible that IL-7 may inhibit the prolif-
eration of mucosal cells following certain stimulation. 

The surface expression of lymphocyte-associated molecules was assessed on 
rIL-7-stimulated LPLs in the normal human intestinal mucosa by flow cytometry. 
These cells were 95% ap TCR+, 5% yd TCR+, 60%CD8a+, and 40% CD4, no 
different from the phenotype of freshly isolated normal LPLs as reported. Interest-
ingly, cell surface expression of CD3 in LPLs stimulated with anti-CD3 mA-
B -h rIL-7 was significantly decreased compared with that in LPLs stimulated with 
anti-CD3 mAb alone. Relative mean fluorescence of CD3 expression in anti-CD3 
mAb-I-IL-7-stimulated LPLs was decreased, though that of aj8 TCR"̂  expression 
was unchanged. This result also contrasted with the case of freshly isolated PBLs 
where mean fluorescence of CD3 expression was increased in anti-CD3 mAb -h IL-
7-stimulated PBLs compared with that in anti-CD3 mAb-stimulated LPLs. This 
result is comparable to the findings that rIL-7 inhibited anti-CD3 mAb-induced 
DNA synthesis and proliferative responses of freshly isolated LPLs but not 
PBLs. 

Bilenker et al. (1995) have demonstrated that IL-7 stimulates both lELs and 
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LPLs directly through an IL-2 pathway, suggesting that these cells are activated 
memory cells. IL-7 is shown to support all phenotypes of intestinal mucosal lym-
phocytes, whether these cells express the aj8 or y8 TCR, CD4, or CDS on the cell 
surface. This contrasts with T cells in the thymus and skin, where yd TCR"^ cells 
are preferentially stimulated (Fabbi et al, 1992; Uehira et al, 1993). 

VI. IL-7 AND H U M A N INFLAMMATORY B O W E L D I S E A S E 

The importance of IL-7 as a mediator of local inflammatory responses remains 
unclear. Recent evidence suggests that IL-7 upregulates the expression of macro-
phage-derived cytokines such as IL-8, TNF, IL-1, and IL-6 and may function as 
an important proinflammatory cytokine (Standiford et al, 1992). 

We have demonstrated the presence of the factor in the serum from patients 
with ulcerative colitis (UC) that exerted effects on mouse thymus (Watanabe et 
al, 1987). This factor was prepared from the serum of UC patients by a combina-
tion of gel filtration and anion exchange chromatography. This serum factor, when 
injected into experimental mouse in vivo, remarkably enhanced the cell growth 
and phenotypic changes of T cells in the thymus. This was unique to the UC 
serum since the administration of the serum fractions from normal controls or 
from patients with other colonic diseases including Crohn's disease did not effect 
the cell number and phenotypes of T cell in the mouse thymus. 

To ascertain that serum factor from UC patients alters cell growth and pheno-
types of intrathymic T cell in the microenvironment of thymus, we used in vitro 
mouse thymus organ culture system. The serum factor from UC exerted effects on 
organ-cultured embryo mouse thymus. A marked increase in cell growth was ob-
served in thymus lobe cultures with medium containing the serum factor from UC. 
This result represents a direct demonstration that serum factor from UC enhances 
intrathymic T-cell proliferation without an influx of lymphoid precursor cells. 
Two-color FACS analysis revealed the increase in the proportion of CD4 "̂  CDS ~ 
cells and CD4"CD8~ with the decrease in the proportion of CD4'^CD8"^ by 
addition of UC serum factor to the fetal thymus organ culture. Interestingly, major-
ity of T cells in the organ culture with the serum factor of UC were brightly 
stained Thy-l"^ cells. In this culture, the number of Thy-1'^CD25'^ cells was in-
creased. The addition of IL-2 to organ-culture of fetal thymus inhibited the devel-
opment of Thy-1'^CD4'^CD8" cells. It is suggested that the alteration of the mi-
croenvironment by including growth factors in fetal organ cultures reveals a series 
of alternative differentiation pathways that are normally masked by more dominant 
pathway. Although the precise mechanisms of the effects by the serum factor have 
not been clarified yet, it was confirmed that the serum factor of UC patients alters 
the intrathymic differentiation process of T cells in mouse thymus. We purified the 
serum factor of UC and sequenced amino acid of the purified protein (Watanabe 
et al, 1996a). The serum factor from UC that alters intrathymic T-cell proliferation 
and differentiation in organ-cultured mouse thymus is, unexpectedly, human IL-7 
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itself. In mouse, abundant IL-7 mRNA expression has been demonstrated in thy-
mus stromal cells, bone marrow stromal cells, spleen, liver, kidney, and keratino-
cytes. However, in the human tissues, the localization of IL-7 expression is not 
yet clearly defined. Human thymus tissues express only a detectable amount of 
IL-7 mRNA as others have previously reported, in sharp contrast to the case for 
the mouse thymus, where the highest IL-7 mRNA expression occurs in the thymus 
(Goodwin and Namen, 1991). Our demonstration that Southern blot hybridization 
demonstrated increased IL-7 mRNA expression in the intestinal epithelial cells is, 
therefore, quite interesting. 

A possible role for IL-7 in mucosal inflammation has been suggested recently 
by our finding of altered IL-7 mRNA expression in the colonic epithelium in 
inflamed mucosa of patients with ulcerative colitis (Watanabe et al, 1996b). Inter-
estingly, IL-7 receptor expression was quite marked in the mucosal lymphocytes 
in severely inflamed colonic mucosa from patients with ulcerative colitis. These 
results favor the idea that IL-7 produced by intestinal epithelial cells may be in-
volved in mucosal inflammation. 

VII. C O N C L U S I O N S 

A major limitation in understanding the pathogenesis responsible for the mucosal 
injury observed in human inflammatory bowel disease has been the lack of animal 
models that possess the pathohistologic features of human disease. However, a 
series of valuable new models that spontaneously arise in gene knockout mice add 
significantly to our understanding of the mechanisms that lead to chronic intestinal 
inflammation and injury (Sadlack et al, 1993; Kuhn et al, 1993; Strober and 
Ehrhardt, 1993). Although none of the gene-disrupted mice are identical to the 
patients, they clearly show that T-cell abnormalities can preferentially manifest as 
chronic, noninfectious intestinal inflammation. 

We have demonstrated the immune regulation through the IL-7 system in the 
intestinal mucosa of the mouse as well as that of the human. Murine intestinal 
epithelial cells in the small intestine and colonic mucosa express and produce IL-
7. Murine lELs and LPLs express IL-7 receptor, and locally produced IL-7 is 
shown to be a growth and inhibitory factor for mucosal lymphocytes. We are 
studying the alteration of mucosal IL-7-mediated immune regulation in gene-dis-
rupted and transgenic mice (Uehira et al, 1993; Strober and Ehrhardt, 1993; 
Perchon et al, 1994; Freeden-Jeffry et al, 1995). These studies may lead to an 
understanding of the pathogenesis of human inflammatory intestinal disease. 
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I. T H E G R O W I N G L I S T O F N E W M O D E L S F O R 

INFLAMMATORY B O W E L D I S E A S E 

The intestinal mucosa is a rich source of components ready to generate very effec-
tive immune responses to the large number of pathogenic organisms that find their 
way into the intestine. This powerful arsenal of effector cytokines and cells can 
pose a considerable risk if not kept under very tight control, as is clearly illustrated 
by the severe intestinal pathology that often accompanies human inflammatory 
bowel disease (IBD). IBD encompasses two related conditions, ulcerative colitis 
(UC) and Crohn's disease (CD), that are thought to arise as immunopathological 
manifestations of a variety of initiating and predisposing factors (Podolsky 
1991a,b). The usefulness of experimental animal models for IBD has long been 
appreciated. However, the recent emergence of a new generation of rodent IBD 
models bom from refined and novel approaches to the manipulation of the immune 
system has generated new excitement in the field IBD research. 

Models for IBD have, until recently, relied on the spontaneous development of 
disease within certain animal strains or species. One of the best characterized of 
these is the C3H/HeJ mouse. Although colitis in the C3H/Hej mouse was origi-
nally noted to develop with only sporadic occurance, the reproducibility of disease 
in these animals is now high, with the establishment of a colitis-susceptible pedi-
gree (C3H/HeJ^^0 at the Jackson Laboratories (Sundberg et al, 1994). Other stud-
ies of IBD in animals have examined forms of inducible colitis by administration 
of agents such as acetic acid or dextran sodium sulfate to rodents, providing a 
cheap and reproducible means of studying intestinal inflammation (Sartor, 1995). 
One of the limitations of this approach, however, is that it does not allow for the 
potential study of spontaneous immunopathological initiating factors in IBD. 
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Some of the first of the new spontaneous IBD models appeared as the unex-
pected consequence of targeted mutations of regulatory T-cell cytokine genes, in-
cluding IL-2 (Sadlack et al, 1993), IL-10 (Kiihn et aU 1993), and TGF/3 (ShuU 
et al, 1992; Kulkami et al, 1993). The development of colitis in these animals 
was significant since it underscored the importance of cytokine-mediated regula-
tion of pathogenic T cells. The studies of cytokine-deficient mice were comple-
mented by others that demonstrated the importance of specific T-cell subsets in 
maintaining homeostasis within the mucosal lymphoid compartment. Thus, it was 
found that the genetic disruption of the a and j8 TCR genes or class II MHC 
genes, which lead to the blockade of ajS T-cell and CDA^ T-cell development, 
respectively, also resulted in colitis in these animals (Mombaerts et al, 1993). 
Other investigations, utihzing cellular manipulation of the immune system, en-
abled the further definition of specific subpopulations of normal CD4"^ T cells, 
defined by the cell surface expression of CD45RB, that possessed the capacity to 
prevent or to induce coHtis on transfer into SCID mice (Powrie et al, 1993, 
1994a; Morrissey et al, 1993). 

Experiments from our laboratory on tge26 mice (discussed in detail in Section 
II) directly demonstrated the importance of correct thymic T-cell selection for the 
development of regulatory CD4 "̂  T-cell subsets able to prevent induction of colitis 
(Hollander et al, 1995a,b). The role of MHC molecules in selecting T cells with 
the capacity to cause a variety of immunopathological phenomena, including coli-
tis, was elegantly demonstrated by studies of rats carrying a transgenic human 
class I molecule (HLA-B27) (Hammer et al, 1990; see chapter by Taurog in this 
volume). The most recent additions to the list of rodent IBD models were mice 
with disruption to the G-protein signaling subunit, Gai-2 (Rudolph et al, 1995). 
The development of IBD in Gai-2""^^ mice may offer some new perspectives on 
the intracellular signaling mechanisms critical for correct T-cell immunoregu-
lation. 

I I . C O L I T I S I N B O N E M A R R O W - R E C O N S T I T U T E D tg€26 M I C E 

Mice transgenic for the human CD3-e gene, designated tg€26 mice, display very 
early arrest in T-cell development that results in a complete T-cell and NK-cell 
deficiency (Wang et al, 1994, 1995). Importantly, the absence of early T-cell pre-
cursors in these animals prevents the induction of a normal thymic microenviron-
ment. Although normal wt bone marrow, competent to generate T-cell precursors, 
could restore the thymic structure of fetal or newborn thymi, transplantation of 
adult tg626 mice with normal T-cell-depleted bone marrow cells resulted neither 
in the reconstitution of the architecture of the thymic stroma nor in normal T-cell 
ontogeny (Hollander et al, 1995a). 

Five to eight weeks after transplantation, 100% of bone marrow-transplanted 
tge26 mice developed a lethal wasting syndrome accompanied by severe colitis. 
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Histological analysis of colons of bone marrow-reconstituted, but not untrans-
planted tge26 mice, revealed an inflammatory bowel disease that involved the 
mucosa and submucosa. Typical features of this disease included hyperplasia, 
elongation, distortion and branching of crypts, and a loss of the normal mucin-
producing goblet cells. Crypt abscesses could also be found frequently, especially 
in animals with severe inflammation. The disease in transplanted tg626 mice was 
also characterized consistently by a substantial mononuclear infiltrate, comprising 
mostly neutrophils and lymphocytes. 

Most striking in the tg626 colitis model was a massive predominance of CD4^ 
T cells (up to 95% of CDS"^ T cells), in both the intraepithelial compartment and 
the lamina propria of the colon. By definition of high expression of the activation 
markers CD69 and CD44, and low CD45RB and L-selectin expression (Bottomly 
et al, 1989; Lee et al, 1990; Bradley et al, 1992), both peripheral and intestinal 
CD4^ T cells from bone marrow-transplanted tge26 mice appeared to be of an 
activated or memory phenotype. Furthermore, fluorocytometric analysis after intra-
cytoplasmic cytokine staining revealed that a large number of CD4"^ T cells from 
diseased bone marrow-transplanted tge26 mice produced IFNy (Simpson et al, 
1995b). Interestingly, this was much more striking in colonic CD4"^ T cells than 
in those from the lymph node or spleen, suggesting local activation of CD4^ T 
cells within the colon. Transplanted, but not unmanipulated, tg626 mice also had 
very high levels of TNFa in their sera. Intracytoplasmic staining studies have 
revealed a small though significant number of colonic CD4^ T cells positive for 
TNFa in colitic transplanted tge26 mice. However, the relative paucity of these 
cells suggested that macrophages were in fact the most likely predominant source 
of this cytokine (Simpson et al, 1995b). 

Using adoptive transfer of purified T-cell subpopulations from bone marrow-
transplanted tge26 mice, into immunodeficient RAG""̂ ^ mice, we confirmed that 
CD4"^ T cells alone were sufficient to cause colitis (Hollander et al, 1995b). 
However, the findings from previous studies of TCR""̂ ^ mice also suggested that 
yd T cells may contribute to colitis (Mombaerts et al, 1993). To elucidate whether 
yd TCR"̂  T cells could in fact cause IBD, we engrafted tg626 mice with bone 
marrow from different T-cell-deficient mice. Tge26 mice transplanted with bone 
marrow from TCR/3"̂ ^̂  or TCRa"̂ ^^ and TCRS'̂ "̂ ^ donors developed colitis with a 
high incidence (Simpson et al, 1995b). Fluorocytometric and immunohistological 
examination of peripheral lymph nodes and spleen and colon tissue sections re-
vealed the presence of large numbers of y6T cells in these animals. In contrast, 
none of the mice transplanted with bone marrow from TCRjS"''̂ ^ X TCR6''''" or 
RAG""̂ ^ (Mombaerts et al, 1992) bone marrow developed colitis. 

Although the characteristics of disease observed in histological sections from 
each of the TCR""̂ ^ transplanted tge26 mice were very similar to those observed 
in the original bone marrow-reconstituted tge26 mice, we observed a clear grada-
tion in severity of inflammation, ranging from very mild to severe. Furthermore, 
overt clinical signs of disease in TCRjS'"''̂ -̂ and TCRa^'^'^-transplanted tge26 mice 
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generally appeared later than in mice transplanted with wt bone marrow. Neverthe-
less, these data demonstrate that yS T cells were able to cause colitis in trans-
planted tge26 mice. 

The pathogenic potential of T cells generated within the tge26 thymus strongly 
suggested that either a failure of negative selection of autoagressive T cells or a 
failure of positive selection of a regulatory T-cell subsets might have been respon-
sible. To test this, we transplanted fetal thymuses under the kidney capsules of 
adult tge26 mice prior to bone marrow grafting. Although thymocytes were ob-
served in both the transplanted thymus and the orthotopic thymus, the orthotopic 
thymus remained structurally abnormal and supported the ontogeny of small num-
bers of cells. In contrast, the fetal thymus acquired a normal stromal architecture 
and sustained normal T-cell development (Hollander et al, 1995a). Furthermore, 
no signs of colitis were evident in any of the mice that received successful thymus 
grafts (Hollander et al, 1995b). These experiments provided a clear illustration of 
the importance of a normal thymic microenvironment for the development of regu-
latory ajS T cells sufficient to prevent colitis in transplanted tge26 mice. 

III. C O M P A R I S O N O F D I S E A S E I N D I F F E R E N T I B D M O D E L S 

The IBD observed in each of the rodent models so far studied share a number of 
common features that relate closely to human IBD, including alterations of crypt 
architecture, formation of crypt abcesses, goblet cell depletion, and extensive mo-
nonuclear cell infiltrate. Moreover, frequent differences in the extent of infiltration, 
the nature of some of the inflammatory lesions, (e.g., the formation of ulceratons), 
and the regions of the intestine that were affected also constituted characteristics 
often observed in human IBD (Podolsky, 1991a,b). For example, mucosal in-
flammation in the IL-2^''" mice, transplanted tge26 mice, a^ TCR"""̂ ^ mice, HLA-
B27 transgenic rat, and TGFjS""̂ ^ mice was superficial and resembled human UC. 
In contrast, regions of inflammation in CD45RB transferred SCID mice and IL-
jQnuii YmcQ were more transmural and sometimes affected the distall small bowel, 
features that more closely resembled Crohn's disease (Sartor, 1995; Podolsky, 
1991a,b). As suggested by Sartor (1995) it is likely that although the initiating and 
predisposing factors in each animal model and in human IBD may be quite dispa-
rate, the resulting pathology observed in each case is probably mediated by a 
limited array of effector cytokines and cells (Sartor, 1994, 1995; MacDermott and 
Stenson, 1988). 

IV. I M M U N O P A T H O L O G Y OF IBD 

A. Thl vs Th2 T-Cell Responses 

A feature common to all the murine models of IBD studied to date, with the 
exception of TCRjS X S"""̂^ mice, is that T cells were required for development as 
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well as for regulation of disease. The finding that mice completely deficient in T 
cells (i.e., TCRjSxS""̂ ^̂  mice) developed IBD appears at odds with two other ex-
amples of T-cell (but not B-cell)-deficient animals; neither nude mice nor unmani-
pulated tge26 mice develop spontaneous signs of IBD. Furthermore, tge26 mice 
transplanted with TCR jgnuu >< gnuu ^^^^ marrow showed no signs of disease 
(Simpson et ah, 1995b), and even those in the original report developed, at worst, 
only mild disease with less than 50% penetrance within the colony (Mombaerts et 
al, 1993). Although this issue has yet to be resolved, the prevailing picture places 
T cells at the center of pathogenesis in most forms of rodent IBD, raising the 
question of which type of T-cell responses account for pathology in each model. 

The initial response to the reports of IBD in the IL-2"^i\ TCR""^\ and IL-IO^̂ ^̂  
mice was that a dichotomy must exist in the mechanism of disease in these ani-
mals (Strober and Ehrhardt, 1993). The reasoning for this was that since IL-2 
production is a hallmark in differentiated Thl cells and that IL-10 is a signature 
cytokine for Th2 cells, the absence of either of these would shunt the general T-
cell phenotype toward the opposite T helper subset. Consequently, a predominance 
of Th2 like cells in IL-2""̂ ^ colitis and a predominance of Thl-like cells in IL-
Q̂nuii jj^^g would be apparent. Thus, it was envisaged that different diseases with 

a similar histopathology would be caused principally by either of two mechanisms. 
In IL-2"̂ ^̂  mice disease would result from a humoral, antibody-mediated mecha-
nism driven by IL-4-secreting cells. Similarly, the prediction in mice with a severe 
T-cell deficiency (i.e., a^ TCR""̂ ^ mice) has been that colitis developed primarily 
via unrestrained B-cell reactivity resulting from an absence of T-cell help (Mom-
baerts et al, 1993). Conversely, colitis in IL-10"̂ ^̂  mice would be driven by a 
cell-mediated response, in which IFNy and TNF would play principal roles. 

It appears from more recent data that the mechanisms operational in the patho-
genesis of IBD in these rodent models may be more complex than originally hy-
pothesized. Thus, IL-10"̂ ^̂  mice do indeed possess a strongly biased Thl-like re-
sponse made evident by high IFNy production (Kiihn et al, 1993). However, there 
was also evidence for some hyperresponsive B-cell activity in IL-10""̂ ^ mice as 
measured by elevated serum levels of IgG subclasses and IgA. Antibodies reactive 
with colonic tissue or luminal bacterial antigens were detected in IL-2""̂ ^ and 
TCR"̂ ^̂  mice, respectively, suggesting B-cell involvement in these forms of IBD. 
However, direct evidence suggests that the role of B cells is, at most, secondary 
in IL-2""" colitis, since IL-2""" X Jh""" mice which lack mature B cells neverthe-
less develop colitis (Ma et al, 1995). In view of these findings and the lack of 
data on adoptive transfer of disease with B cells or serum from colitic mice, the 
role of B cells in rodent IBD needs further clarification. 

The involvement of Thl responses in initiating IBD was illustrated by experi-
ments in which normal peripheral CD4'^, CD45RB^° (memory) T cells were 
shown to regulate the activity of pathogenic CD4'^, CD45RB^^ (naive) T cells 
after transfer into SCID mice (Powrie et al, 1993, 1994a). In the absence of 
CD45RB^° cells, CD45RB*̂ ^ cells became inappropriately activated and homed to 
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the intestinal mucosa, where they initiated a strong inflammatory response, charac-
terized by high IFNy and TNFa production and the aquisition of a CD4RB^° phe-
notype (Powrie et al, 1994b). In a similar study, Rudolphi and colleagues demon-
strated that unseparated intestinal CDA^ T cells from normal mice (which, unlike 
peripheral CD4^ T cells, comprise high numbers of both CD45RB^° and 
CD45RB^' cells), preferentially homed to the intestinal mucosa and induced IBD 
on transfer into SCID mice (Rudolphi et al, 1994). These latter experiments are 
of significance since they demonstrate that CD45RB^° CDA^ T cells of the normal 
intestinal mucosa are distinct from nonpathogenic CD45RB^° CD4^ regulatory T 
cells found in the peripheral lymphoid organs (Morrissey et al, 1993; Powrie et 
al, 1993, 1994a). These findings also illuminate potentially important differences 
in the mechanisms of peripheral and intestinal T-cell regulation. 

In IL-2"^" mice, large numbers of CD4+ T cells were found with a CD45RBi° 
and L-selectin^° phenotype, resembhng those observed in coHtic SCID mice after 
transfer of CD45RB*'̂  cells (Simpson et al, 1995a; Morrissey et al, 1993; Powrie 
et al, 1993, 1994a,b). PreHminary data from our laboratory using intracytoplasmic 
staining also revealed that a significant number of colonic CD4"^ T cells in IL-
2nuii jĵ JQg produced IFNy. By similar criteria, Thl-dominated responses were also 
apparent in several other rodent IBD models, including transplanted tg626 mice, 
TGF/3""̂ ^ mice, and the transgenic HLAj827 rat. 

B. yd T Cells in IBD 

Evidence from our studies of tge26 mice transplanted with TCRa^"" and TCRiS "̂"" 
bone marrow, and the original report of the aj8 TCR""̂ ^ colitis, suggest that y8 T 
cells in sufficient numbers can mediate colitis (Simpson et al, 1995b; Mombaerts 
et al, 1993). In both cases, colitis in the absence of a/3 T cells correlated with a 
large expansion in the number of y8 T cells, which may have simply resulted from 
"space-filUng" of the lymphoid compartment, or because of a lack of specific Q:J8T-

cell regulation, yb T cells are known to be significant producers of IFNy, and we 
have preliminary data, using intracytoplasmic staining, that suggests this may be 
case in bone marrow-transplanted tge26 mice. 

In light of the above findings it is curious that athymic nude mice, which pos-
sess (thymus independent) y8 T cells and lack aj8 T cells, do not develop IBD. 
The answer to this may be that nude mice cannot, by definition, develop thymus-
dependent yd T cells. In contrast, in both forms the aj8 TCR̂ "̂ ^ mice and ajS 
-pQĵ nuii transplanted tge26 mice, large numbers of presumably thymus-derived yd 
T cells were observed in both the periphery and the intestine (Simpson et al, 
1995b). It is therefore apparent that in the presence of a thymus, but in the absence 
of aj8 T cells, significant expansion yb T cells can occur. Furthermore, these cells 
appear capable of inducing coHtis, albeit less efficiently than CD4^ aj8 T cells, 
and it is possible that the pathogenic effects of these cells are mediated via IFNy 
production. 
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C. Cytokines and Inflammation 

The results discussed so far strongly suggest that the key effector in all of the IBD 
models as well as in human IBD is IFNy (MacDonald et al, 1990; Sartor, 1994). 
With this in mind, we will consider briefly what effects excessive IFNy production 
would have to explain its pathogenic effects in IBD. IFNy has long been known 
to have a downregulatory effect on Th2-mediated responses, acting to inhibit pro-
liferation of Th2-differentiated cells (Kaufman, 1995; Kelso, 1995). At the same 
time, IFNy has a profound effect on promoting the differentiation of Thl CD4^ 
T cells (Kaufman, 1995; Kelso, 1995). The importance of IFNy in promoting 
aberrant Thl responses in murine IBD was clearly demonstrated by the inhibition 
of colitis in SCID recipients of CD45RB^^ CD4+ T cells, by in vivo blockade 
using an anti-IFNy antibody (Powrie et al, 1994b). 

Another principal role of IFNy is to activate macrophages, which leads in turn 
to the production of proinflanmiatory mediators such as TNF, IL-1, IL-12, reactive 
oxygen species, and nitric oxide (Kaufman, 1995). Acting either directly or indi-
rectly, these substances, in excessive quantities, can cause significant damage to 
intestinal mucosa (Madara and Stafford, 1989; MacDonald et al, 1990). Indeed, 
elevated levels of these proinflammatory cytokines have been measured in human 
IBD (MacDonald et al, 1990; Sartor, 1994; Ligumski et al, 1990; Mihada et al, 
1989). As expected, substantial levels of TNFa were found in a number of differ-
ent IBD models, including IL-10""̂ ^ mice, transplanted tg626 mice, and SCID mice 
reconstituted with CD45RB*'', CD4+ T cells. In the latter two cases, treatment 
with anti-TNF antibodies significantly, but not completely, attenuated the progres-
sion of disease, emphasizing the important role of this cytokine in murine IBD 
(Powrie et al, 1994b; our unpublished observations). 

INFy is also known to upregulate MHC class I and class II expression on a 
variety of cell types, and in several of the IBD models class II expression was 
dramatically elevated on the epithelial cells of the colon (Sadlack et al, 1993; 
Mombaerts et al, 1993; Kuhn et al 1993; Hollander et al, 1995b). Similarly, 
increased class II expression on colonic epithelium is a consistent feature of hu-
man IBD (Mayer et al, 1991). Damage caused to the colonic epithelium, by the 
direct activity of IFNy (Madara and Stafford, 1989) or indirect actions via other 
proinflammatory cytokines, could profoundly alter the antigenic balance within the 
colon. In synergy with elevated class II expression, these effects could greatly 
exacerbate inappropriate immune responses caused by dysregulation of mucosal 
T-cell responses. 

D. CD8+ T Cells and Cytotoxicity 

Evident in a number of the rodent colitis models was that the inflammatory infil-
trate in the colon comprised a high number of CD8'^ afS T cells as well as CD4'^ 
T cells. CD8^ cells could be involved in the immunopathology of colitis via 
cytotoxic activity, possibly stimulated by excessive local levels of IFNy. This is 
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supported by findings in some cases of human IBD (Stevens et al, 1995). We 
observed that colonic CDS "̂  ajS T cells from IL-2""̂ ^ mice were strongly cytotoxic 
compared with wt colonocytes, which showed poor constitutive cytotoxicity ex 
vivo (Simpson et al, 1995a; Camarini et al, 1993). Although these aj8 TCR+, 
CD8"^ CTL could have been involved in the pathology observed in the colitis in 
the IL-2""̂ ^ mouse, they were not critical for disease, since IL-2""̂ ^ animals crossed 
with class I-deficient ^2^'"'^^^ i^i^^ [which lack CDS"^ a^ T cells (KoUer et al, 
1990)] still developed colitis (Simpson et al, 1995a). In fact, the accelerated ap-
pearance of colitis in j82m''̂ " X IL-2"'̂ ^̂  mice suggests that CDS"̂  T cells may be 
more important in a regulatory or counterinflammatory capacity. For example, 
CDS"^ CTLs could be recruited to the colon kill-damaged epithelial cells in an 
effort to restore disruption to the luminal epithelial interface caused by inflamma-
tory mediators (Klein and Mosely, 1993). 

We also observed a strong constitutive T-cell-mediated cytotoxic activity in 
lEL and LPL preparations from colons of transplanted tge26 mice. In light of the 
predominance of CD4"^ T cells in these fractions, we considered it likely that a 
substantial proportion of this activity was due to CDA^ T cells and that this may 
have contributed to the pathogenesis of colitis in transplanted tg626 mice. Previous 
studies have shown that CDA^ CTLs are predominantly Thl-like and mediate 
killing via expression of FAS-ligand (FAS-L) that induces apoptosis in the target 
cell via FAS-receptor signaling (Ju et al, 1994; Nagata and Goldstein, 1995; Be-
rke, 1995a,b). Other studies have also impHcated an important role for excessive 
FAS-L expression by activated CD4"^ T cells in the development of a GVHD-like 
wasting syndrome in wt mice transplanted with syngeneic FAS-deficient (Ipr) bone 
marrow (Chu et al, 1995). To test whether FAS-L expression was important in 
mediating pathogenic effects seen in tge26 colitis, we engrafted tge26 mice with 
bone marrow from gld/gld mice, which have a defect in FAS-L expression (Taka-
hashi et al, 1994). Onset of colitis in these animals was not affected, demonstra-
ting that FAS-L expression was not critical in the progression of colitis (unpub-
lished observations). Consistent with this, we found that the short-term CTL 
activity observed in transplanted tge26 mice was principally mediated by a Câ "̂  
dependent (perforin/serine protease) mechanism (Berk 1995a,b) and showed only 
moderate FAS/FAS-Hgand-dependent killing. The importance of perforin-mediated 
cytotoxic activity in the pathogenesis of coHtis in bone marrow-transplanted tge26 
mice could be tested by transplantation of tge26 mice with bone marrow from 
perforin-deficient mice (reviewed by Berke 1995a,b). 

V. R E G U L A T I O N A N D D Y S R E G U L A T I O N W I T H I N 

THE I N T E S T I N E 

Although much evidence has now accumulated to demonstrate the importance of 
regulatory T cells in the prevention of colitis, many questions are outstanding 
concerning the development and mode of action of these cells. Clues to some of 
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these questions may be provided by the studies of the bone marrow transplanted 
tge26 mice, in which the importance of thymic selection in the development regu-
latory T cells was made apparent (Hollander et aL, 1995b). In related experiments, 
the role of the thymus in selecting pathogenic and nonpathogenic T cells was also 
demonstrated in mice which had been thymectomized at 3 days postpartum (3dTx 
mice). In later life, these animals developed a number of organ-specific autoim-
mune conditions, including some gastrointestinal pathology that was driven by T 
cells that emerged prior to thymectomy (Bonomo et aL, 1995). 

A common interpretation that could be applied to both of the above experi-
ments and the CD45RB/SCID transfer model is that in the absence of regulatory 
T cells, naive T cells could mediate their pathogenic effects unabaited. In the case 
of 3dTx mice, this would imply that the development-regulatory T cells may ensue 
at a later point in thymic development. Similarly, thymocyte development in trans-
planted tge26 mice is supported for only a window of time post-transplantation 
(3-4 weeks) after which double-positive (CD4"^, CDS"^) thymocytes disappear, 
presumably stemming the emergence of new (regulatory?) T cells (Hollander et 
aL, 1995b). Another (not mutually exclusive) explanation for these findings is that 
the general T-cell lymphopenia found in transplanted tge26 mice and 3dTx mice 
may limit the normal regulatory interactions required for T-cell homeostasis (Pow-
rie, 1995). However, the absence of IBD in SCID mice reconstituted with even 
very small numbers of unseparated (CD45RB*^°) T cells argues against this expla-
nation (Powrie et aL, 1994b). 

Regulatory T cells have been characterized previously by the repertoire of cy-
tokines they produce. As already discussed, Th2 cells, known to be responsible for 
controlling B-cell activity, produce at least two cytokines that have distinct effects 
on generation of Thl cells, namely IL-4 and IL-10 (Kelso, 1995). IL-4 can effec-
tively counter the polarization of ThO cells into Thl cells. However, the finding 
that IL-4""̂ ^ mice do not develop colitis suggests that this pathway of cytokine 
regulation may not be very important in controlling pathogenic Th-1 responses in 
murine IBD (Kiihn et aL, 1991). Experiments in which administration to colitic 
CD45RB-transferred SCID mice with recombinant IL-4 had no effect on develop-
ment of colitis also support this conclusion (Powrie et aL, 1994b). 

IL-10 is an efficient anti-inflammatory cytokine that acts primarily to shut down 
macrophages, which could have an indirect, yet profound, impact on the genera-
tion of Thl responses by attenuating IL-12 and INFy production (Kelso, 1995). 
Indeed, the development of colitis in IL-10-deficient mice and the effective abro-
gation of disease in CD45RB-transferred mice treated with recombinant IL-10 
strongly illustrate the important role of this cytokine in protecting against aberrant 
Thl responses (Powrie et aL, 1994b). Similarly, TGF/31, part of a family of pro-
teins produced primarily by activated macrophages, is important in regulating in-
flammatory responses. The central role of this cytokine in T-cell regulation was 
demonstrated in TGFjSl-deficient mice, which developed a variety of inflamma-
tory lesions in different organs, including the colon and the stomach, depending 
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on the genetic background on which the null mutation was carried. The direct role 
of TGF^ in restraining T-cell responses in murine IBD was also demonstrated by 
in vivo administration of anti-TGF^ antibody to SCID mice that received 
CD45RB^' T cells. In treated mice, the protective capacity of CD45RB^'' cells was 
efficiently abrogated (Powrie et al, 1995b). 

The accumulation of memory-Hke T cells that accompanies pathology in many 
forms of murine IBD may reflect a failure to shut down immune responses. In 
normal circumstances this is achieved by activation-induced cell death (AICD) 
which occurs, via apoptosis, as a default pathway to ensure the clearance of acti-
vated T cells after their useful participation in an immune response. Remaining T 
cells that fail to undergo AICD become long-lived (memory) T cells. IL-2, known 
to be pivotal in the activation of T cells, also appears to be important in program-
ming T cells to undergo AICD, at least in vitro (Lenardo, 1991). Thus, the appear-
ance of large numbers of mucosal-homing, memory-like T cells in IL-2""̂ ^ mice 
would suggest that AICD may occur less efficiently in these animals. 

TNFa and INFy, unlike IL-2, have been shown to attenuate the ability of 
CD4'^ T cells to undergo AICD, at least in response to chronic superantigen acti-
vation (Vella et al, 1995). It is possible therefore that either in the absence of a 
factor required for priming cells for AICD (e.g., IL-2) or in the presence of exces-
sive levels of factors that antagonize this process (e.g., TNFa and INFy), the 
accumulation of memory-like (AICD "resistant") T cells results. In large numbers, 
such cells, which also acquire a mucosal-homing phenotype (characterized by low 
L-selectin expression), could place a considerable burden on the intestinal immune 
system. Although the large numbers of activated/memory T cells found in many 
forms of murine IBD could support this hypothesis, the importance of compro-
mised AICD as a mechanism in perpetuating T-cell pathogenesis in IBD requires 
further investigation. 

The question of antigen specificity of the immune responses in each of the 
murine IBD models remains a complex puzzle. However, a significant clue to the 
etiology of animal and possibly human IBD comes from the finding that in some 
cases IBD does not develop, or is significantly attenuated, in animals reared under 
gnotobiotic or specific pathogen-free environments (Sadlack et al, 1993; Taurog 
et al., 1994; Sartor, 1995). (See chapter by Sartor in this volume). Clearly, these 
findings implicate a central role for intestinal bacterial flora in the development of 
IBD. The absence of pathogenic microorganisms in the different immunodeficient 
mouse strains kept under standard conditions further suggests that normal, non-
pathogenic enteric flora are the most likely candidates. 

Together, the presence of Thl-like cytokines and the apparent correlation of 
bacterial flora with development of colitis point toward aberrant cell-mediated re-
sponses to normal bacterial antigens as central to the disease. However, at a more 
fundamental level, the development of IBD in these animals reflects a failure of 
systemic immunoregulation that is most likely not confined to the intestinal mu-
cosa. For this reason it is intriguing that each of the mouse lines so far studied 
does not reveal more evidence of systemic autoimmunity. Although immunopa-
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thology was noted in other organs in some animals (e.g., in IL-2""̂ ^ mice, TGF-
n̂uii jĵ icê  and HLA/327 rat) the colon was the most frequently and, often, the most 

severely affected organ. This may be explained simply by the substantial load of 
bacterial antigens found within the colon. By comparison the relative paucity of 
other organ-specific self-antigens may constrain potentially autoaggressive re-
sponses. The mechanism of antigenic stimulation of T cells may also be consider-
ably different within the colonic mucosa. For example, polyclonal activation by 
bacterial superantigens may occur at a high frequency in the colon and initiate 
abnormally aggressive inflammatory responses. The antigenic specificities of intes-
tinal T-cell responses in normal as well as in diseased states will obviously be an 
important issue to address. 

VI. L E S S O N S FOR H U M A N IBD 

It is apparent that a common picture is emerging from the collective studies of the 
rodent IBD models, namely, that interruption of normal T-cell homeostasis is piv-
otal in the development of colitis. The effects of TNFa and INFy are clearly 
central to pathogenesis in most forms rodent IBD, not just as mediators of in-
flammation but also as powerful modulators of T-cell regulation. Studies in human 
patients of Crohn's disease have linked high levels of INFy and TNFa to the 
disease, and preliminary studies have shown encouraging responses by patients to 
treatment with anti-TNF antibody administration (Van Dullman et al, 1995). The 
pivotal roles of regulatory T cells and their cytokines, including IL-10 and TGFjS, 
in moderating the activity pathogenic T cells have also been illustrated clearly in 
the rodent IBD models. 

It is likely that IBD in each of the rodent models discussed results from funda-
mental defects of systemic immunoregulation, and in this regard, questions con-
cerning how regulatory T cells operate and how they are selected are most perti-
nent. Although many of the lessons from studies of rodent models of IBD have 
yet to be learned, the rapid progress made so far in understanding the mechanisms 
underlying these diseases sheds an optimistic light on the potential design of more 
effective strategies for treatment of human IBD. 
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I. I N T R O D U C T I O N 

Although ulcerative colitis and Crohn's disease appear to be the result of an unre-
strained inflammatory response, the antigen(s) which initiate and perpetuate these 
chronic, relapsing disorders remain uncertain (Sartor, 1995a). Clinicians have a 
longstanding belief that the normal enteric microbial flora were somehow involved 
in the pathogenesis of these diseases because inflammation occurs in the distal 
ileum and colon (the sites of the highest luminal bacterial concentrations), antibiot-
ics and bowel rest benefit patients with Crohn's disease, and inflammatory bowel 
disease (IBD) patients have increased immune responses to ubiquitous luminal 
bacteria (Sartor, 1995b). Recent investigations using the older induced models of 
intestinal inflammation and new genetically engineered rodent models that develop 
spontaneous enterocolitis (Sartor, 1995c; Elson et al, 1995) provide compelling 
evidence (Table I) to support the hypothesis that normal luminal bacteria and their 
products can induce and perpetuate chronic intestinal and systemic inflammation 
in genetically susceptible hosts (Sartor, 1995d). This hypothesis is rational, given 
the high concentrations of predominantly anaerobic bacteria and bacterial compo-
nents in the distal ileum (approximately 10^ viable bacteria/g luminal contents) 
and colon (10^^"^^ bacteria/g) (Donaldson, 1981; Simon and Gorbach, 1984). Mu-
cosal inflammation enhances mucosal uptake and systemic transport of luminal 
bacterial components (Chadwick and Anderson, 1992; Sartor, 1995b) and pro-
motes secondary invasion of mucosal ulcers and fistulae by enteric bacteria (Car-
tun et al, 1993) (Fig. 1). These phlogistic bacterial constituents activate mucosal 
phagocytic cells and lymphocytes to secrete proinflanmiatory cytokines and solu-
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TABLE I 

EVIDENCE THAT UBIQUITOUS ENTERIC BACTERIA MEDIATE EXPERIMENTAL INTESTINAL 

AND SYSTEMIC INFLAMMATION 

1. Germ-free (sterile) environment attenuates acute injury and prevents chronic inflammation. 

2. Antibiotics prevent and treat intestinal and systemic inflammation. 

3. Small-bowel bacterial overgrowth induces and reactivates extraintestinal lesions. 

4. Induction and perpetuation of inflammation by purified bacterial products. 

5. Development of humoral and cellular immune responses to luminal bacteria. 

Note. Modified from Sartor (1995d). 

ble inflammatory mediators and stimulate specific immune responses which per-
petuate the inflammatory process (Schwab, 1993; Sartor, 1995b). This chapter will 
summarize evidence generated in animal models of enterocolitis which supports 
this hypothesis. 

II . A B S E N C E O F E N T E R O C O L I T I S I N G E R M - F R E E R O D E N T S 

The most compeUing evidence that ubiquitous luminal bacteria are involved in the 
pathogenesis of intestinal inflammation is provided by the consistent finding that 

B 
LUMINAL BACTERIA - FMLP, PG - PS, LPS 

Mesenteric v 

/ to portal 
^ circulation 

FIGURE 1. Mechanisms of mucosal uptake of normal bacterial flora and bacterial products in intesti-
nal inflammation. Luminal bacteria and bacterial products such as chemotactic f-Met oligopeptides 
(FMLP), peptidoglycan-polysaccharide polymers (PG-PS), and lipopolysaccharide (LPS, endotoxin) 
are present in the distal ileum and colon. (A) SpeciaHzed epithelial cells (M cells) over Peyer's patches 
and organized lymphoid follicles preferentially transport luminal macromolecules in the normal state, 
initiating a tightly regulated, controlled mucosal immune response. (B) Normally the intact epithelium 
provides a relatively impenetrable barrier, but with nonulcerative inflammation, NSAID exposure, or 
perhaps subclinical Crohn's disease, the epithelium is "leaky," permitting enhanced uptake of luminal 
bacterial products. (C) With intestinal ulceration there is secondary invasion of viable bacteria and 
unrestricted uptake of bacterial products and antigens, further intensifying inflammation. Systemic up-
take of bacterial products through the lymphatic and portal circulations leads to extraintestinal inflam-
mation. Reprinted from Sartor and Powell (1991), with permission of Appleton and Lange Publishing 
Co. 



23. Bacteria in Chronic Intestinal Inflammation 309 

"germ-free" rodents raised under completely sterile conditions fail to develop 
chronic enterocolitis (Table II). 

A. Induced Enterocolitis Models 

Lewis rats populated with enteric bacteria devoid of all recognizable pathogens 
[specific pathogen-free (SPF)] develop chronic, mid-small-bowel ulceration with 
hepatobiliary inflammation, anemia, leukocytosis, and transient colonic ulcers 
when subcutaneously injected with indomethacin (Sartor et al, 1992; Yamada et 
al, 1993b). One to three days after indomethacin injection, germfree rats exhibit 
attenuated small-bowel ulcers and no evidence of colonic ulcers, compared with 
littermates conventionalized with SPF flora (Robert and Asano, 1977; Davis et 
al, 1990). Germ-free Lewis rats have no evidence of intestinal or extraintestinal 
inflammation 14 days after indomethacin injection, in striking contrast to active 
enteritis, hepatobiliary inflammation, anemia, and leukocytosis in SPF littermates 
(Sartor et al, 1994). Of considerable interest to the concept that bacterial polymers 
can potentiate intestinal inflammation, Davis et al. (1990) demonstrated that feed-
ing purified, sterile peptidoglycan-polysaccharide (PG-PS) complexes to germ-
free rats increased small-bowel ulceration almost to levels seen in littermates pop-
ulated with SPF bacteria, but had no such potentiating effect on colonic inflamma-
tion. 

Similar results have been obtained with several other induced colitis models, 
suggesting a near universal requirement for ubiquitous bacteria in intestinal in-
flammation. Some studies have also explored which bacterial species have a domi-
nant role in inducing intestinal inflammation. Onderdonk and colleagues (1981) 
showed that germ-free guinea pigs fed carrageenan, a red seaweed extract, failed 
to display any evidence of colitis, in marked contrast to animals populated with 
conventional bacteria. In a series of elegant experiments, these investigators found 
that Bacteroides vulgatus was the bacterial species which had the greatest ability 
to induce colitis in this model (Onderdonk et al, 1981). Similarly, Phillips and 

TABLE II 

EFFECT O F BACTERIAL COLONIZATION ON EXPERIMENTAL ENTEROCOLITIS 

Model 

Indomethacin (rat) 
Carrageenan (guinea pig) 
Ameba (guinea pig) 
Dextran sodium sulfate (mouse) 
IL-2 knockout (mouse) 
IL-10 knockout (mouse) 
HLA-B27 transgenic (rat) 

Conventional or SPF flora 

Enterocolitis 
Colitis 
Colitis 
Colitis 
Colitis 
Enterocolitis 
Gastroduodenitis, 

colitis 

Sterile 

Attenuated acute, absent chronic 
Normal 
Normal 
Colitis, T mortahty 
Normal 
Normal 
Normal 

Note. SPF, specific pathogen-free. 
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Gorstein (1966) demonstrated that bacteria-free guinea pigs do not develop cecal 
lesions following colonization with ameba. Guinea pigs monoassociated with 
Clostridium perfringens, Lactobacillus acidophilus, A-2 micrococcus, and Bacillus 
subtilis before infection with ameba had more aggressive lesions than those colo-
nized with Streptococcus faecalis. Escherichia coli monoassociation produced the 
lowest incidence of colitis following amebic infection, suggesting that anaerobic 
bacteria have a dominant role in experimental colitis. In contrast, germ-free mice 
fed dextran sodium sulfate (DSS) have a higher mortality rate than conventional 
mice (A. Onderdonk, unpublished data), raising the possibility that bacterial me-
tabolism of this epithelial toxin is partially protective. It should be noted that this 
model has only been investigated in the acute phase, and that enteric bacteria may 
be capable of perpetuating chronic DSS-induced colitis. 

B. Genetically Engineered Rodents 

Similar results have been observed in the newer models of deletion or overexpres-
sion of regulatory genes in mice or rats. The HLA-B27//32 microglobulin transgenic 
rat model has been investigated most thoroughly. Taurog and colleagues (1994) 
showed that B27 transgenic rats raised in a sterile environment had no evidence of 
colitis or arthritis, but continued to develop hair loss, epididymitis, and seizures. 
Rath and colleagues (1995a) confirmed these observations and also demonstrated 
an absence of gastritis and duodenitis in germ-free B27 transgenic rats. Further-
more, these investigators found that colitis progressively developed during a 4-
week period after colonization of gnotobiotic rats with SPF flora. Cytokine profiles 
of inflamed cecal tissues document activation of both macrophages and T lympho-
cytes following bacterial colonization (Rath et al, 1995a), which is consistent with 
the ability of lymphocytes to transfer disease to nude rats (J. Taurog, unpublished 
results). 

Similar results have been observed in preliminary studies of IL-2 and IL-10 
knockout mice and SCID mice populated with CD45RB*̂ ^ lymphocytes. IL-2-defi-
cient (IL-2" '̂) mice housed in conventional rodent quarters develop aggressive coli-
tis with bloody diarrhea and crypt abscesses (Sadlack et al, 1993). However, in 
an SPF environment, these mice have subclinical colitis with only mild histologic 
inflammation and, when sterile, have neither clinical nor histologic evidence of 
colitis. Similarly, IL-10"̂ " mice, which have jejunal and colonic inflammation when 
conventionally housed, have isolated colitis under SPF conditions (Kuhn et al, 
1993). In preliminary studies, germ-free IL-10 knockout mice have no clinical 
evidence of intestinal inflammation (E. Balish, unpublished observations). 

I I I . P R E V E N T I O N O F I N F L A M M A T I O N B Y A N T I B I O T I C S 

Diminishing luminal bacterial concentrations can attenuate or even entirely pre-
vent experimental intestinal and systemic inflammation in a number of different 
models (Table III). These results are consistent with the absence of inflammation 



23. Bacteria in Chronic Intestinal Inflammation 311 

TABLE III 

ATTENUATION O F EXPERIMENTAL INTESTINAL AND SYSTEMIC INFLAMMATION BY ANTIBIOTICS 

Inducing event 

Indomethacin 

Carrageenan 
TNB-SA 

HLA-B27 TG 
Jejunal SFBL 

Inflamed organ 

Small bowel 

Colon 
Colon 

Colon, stomach, 
Liver, joints 

joints 

Antibiotic therapy 

Metronidazole, tetracycline 

Metronidazole, clindamycin 
Imipeneum and vancomycin, 
Amoxicillin/clavulonic acid 
Metronidazole 
Metronidazole 

Reference 

Robert and Asano (1977) 
Yamada et al (1993b) 
Onderdonk et al (1978) 
Videla et al (1994) 

Rath et al (1995b) 
Lichtman et al (1991a) 
Lichtman et al (1995) 

Note. DSS, dextran sodium sulfate; TNB-SA, trinitrobenzene sulfonic acid; SFBL, self-filling blind 
loop; TG, transgenic. 

in germ-free rodents and suggest that enteric bacteria have an essential role in 
the pathogenesis of intestinal inflammation. Broad-spectrum antibiotics, especially 
metronidazole and others with an anaerobic spectrum, are particularly active, im-
plying a dominant role for anaerobic bacteria. 

IV. S Y S T E M I C INFLAMMATION I N D U C E D B Y S M A L L - B O W E L 

B A C T E R I A L O V E R G R O W T H 

Lichtman and colleagues (1990, 1991a,b, 1992, 1995) have demonstrated that sur-
gical creation of experimental small-bowel bacterial overgrowth in genetically sus-
ceptible rats induces chronic hepatobiliary inflammation and reactivates arthritis. 

A. Hepatobiliary Inflammation 

Surgical creation of a self-filling blind loop (SFBL) in the jejunum of rats leads 
to stasis and rapid proliferation of predominantly anaerobic bacteria, enhanced 
mucosal permeability, and intra- and extrahepatic biliary inflammation that resem-
bles certain features of sclerosing cholangitis (Lichtman et al, 1990). The in-
flammatory response is centered around bile ducts and is manifested by infiltration 
of mononuclear cells and occasional neutrophils, epithelial damage, ductal prolif-
eration, and periportal fibrosis. Focal parenchymal inflammation, elevated serum 
AST concentrations, and increased numbers of Kupffer cells provide evidence of 
hepatic inflammation. Anaerobic luminal bacteria mediate the hepatobiliary injury, 
since inflammation is prevented by metronidazole and tetracycline, but not genta-
micin (Lichtman et al, 1991a). PG-PS from anaerobic bacteria are implicated, 
since mutanolysin, which selectively degrades peptidoglycan by spHtting the j8i_4 
linkage between A -̂acetyl muramic acid and A -̂acetyl glucosamine, prevents and 
treats injury in this model (Lichtman et al, 1992). Furthermore, PG-PS polymers 
are absorbed to a greater degree from the blind loop than from the normal intes-



312 R. Balfour Sartor 

tine, circulating PG-PS complexes are excreted in the bile, and serum anti-pepti-
doglycan antibodies are increased following bacterial overgrowth (Lichtman et al, 
1991b). Although there is evidence of enhanced translocation of viable enteric 
bacteria to mesenteric lymph nodes, cultures of the liver, bile, blood, and perito-
neal cavity are reproducibly negative (Lichtman et al, 1990). 

The ability of sterile bacterial products to cause systemic inflammation is fur-
ther supported by the demonstration that repeated injections of heat-killed E. coli 
into the portal or systemic veins of rabbits causes hepatobiliary inflammation 
(Kono et al, 1990). Although LPS absorption and endotoxemia are increased in 
this model (Brand et al, 1994), complexing LPS with polymyxin B does not 
attenuate inflammation, and serum anti-LPS antibodies are not increased (Licht-
man et al, 1991b). Periportal inflammation accompanying chronic indomethacin-
induced small intestinal ulceration (Sartor et al, 1992) may share similar patho-
genic mechanisms, since luminal bacteria proliferate in the inflamed small intes-
tine, there is increased translocation of enteric bacteria to mesenteric lymph nodes, 
and metronidazole almost completely inhibits intestinal and systemic inflammation 
in the both models (Yamada et al, 1993b). Like the PG-PS model, host genetic 
susceptibility is an important factor in the SFBL model, since Lewis rats develop 
inflammation 2-A weeks after bacterial overgrowth and Wistar rats within 8-12 
weeks, but Fischer and Buffalo rats fail to develop hepatobiliary injury even 
though they have identical concentrations of bacteria in the blind loop (Lichtman 
et al, 1990). 

B. Arthritis 

Using the same SFBL model in Lewis rats, Lichtman and associates (1995) 
showed that PG-PS polymers from ubiquitous luminal bacteria are capable of 
reactivating inflammation in previously injured ankles. Creation of experimental 
small-intestinal bacterial overgrowth caused arthritis in joints which had been in-
jected intraarticularly with PG-PS 11 days previously, but there was no inflamma-
tion in contralateral saline-injected joints. Reactivation of inflammation could be 
prevented by metronidazole, but not gentamicin or polymyxin B, by metronida-
zole, IL-1 receptor antagonist, anti-tumor necrosis factor a (TNFa) antibody, and 
cyclosporine. This study implicates PG-PS from luminal anaerobic bacteria, T 
lymphocytes, IL-1, and TNFa in the pathogenesis of arthritis in this model. 

V. I N F L A M M A T I O N I N D U C E D B Y P U R I F I E D 

B A C T E R I A L P R O D U C T S 

A. Proinflammatory Properties of Bacterial Components 

Several components of normal enteric bacteria, including chemotactic-formylated 
oligopeptides such as f-met-leu-phe (FMLP) and cell-wall polymers such as LPS 
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(endotoxin) and PG-PS complexes are capable of activating phagocytic cells, lym-
phocytes, and proteolytic cascades (Table IV) (Chadwick and Anderson, 1992; 
Schwab, 1993; Sartor, 1995b). Many cytokines and soluble inflammatory media-
tors stimulated by FMLP, LPS, and PG-PS are increased in experimental intestinal 
inflanmiation (Herfarth and Sartor, 1994; Sartor, 1994, 1995a; Elson et al, 1995). 
Because these bacterial components coexist in the lumen of the distal intestine and 
mucosal uptake of FMLP, LPS, and PG-PS is increased with intestinal inflamma-
tion, it is likely that mucosal inflammatory cells are simultaneously exposed to 
these phlogistic agents, which have overlapping properties and synergistic activi-
ties. For example, inflammation induced by PG-PS can be reactivated by LPS 
(Stimpson et al, 1987) and LPS can prime a macrophage so that FMLP triggers 
greater production of reactive oxygen radicals (Baldassano et al, 1993). 

B. Experimental Enterocolitis and Systemic Inflammation 

The ability of purified bacterial products to initiate and perpetuate intestinal and 
systemic inflammation suggests that these sterile components may mediate many 
of the inflanMnatory effects of enteric bacteria and that invasion of the mucosa by 
viable bacteria is not essential (Sartor, 1995b). Experimentally, LPS and FMLP 
can induce acute, self-limited inflammation, whereas poorly biodegradable PG-
PS from certain bacterial species causes spontaneously relapsing enterocolitis and 
extraintestinal inflammation. Acute colitis is induced by high luminal concentra-
tions of FMLP (Chester et al, 1985); more physiologic amounts increase mucosal 
permeability in the distal ileum (von Ritter et al, 1988). LPS, when intravenously 
injected, causes mid-small-bowel hemorrhage, which is mediated by platelet-acti-
vating factor (Hseuh et al, 1987), and stimulates chloride secretion, resulting in 
diarrhea (Ciancio et al, 1993). Subcutaneous administration of LPS induces intes-

TABLEIV 

PROINFLAMMATORY EFFECTS O F BACTERIAL PRODUCTS (FMLP, PG-PS, AND LPS) 

Macrophage and neutrophil activation 
Cytokines (IL-1, IL-6, IL-8, TNFa, etc.) 
Arachidonic acid metabolites (prostaglandins, leukotrienes, thromboxanes, platelet-activating factor) 
Reactive oxygen metabolites 
Nitric oxide 
Proteases 
Proteolytic cascades 
Complement pathway 
Kallikrein-kinin system 
Lymphocyte activation 
T-lymphocyte activation, mitogenic stimulation, adjuvant effect 
B-cell mitogenic and antigenic activation 

Note. Modified from Sartor (1995d). 
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tinal microvascular lesions (Mathan et al, 1988), and intraperitoneal injection of 
endotoxin enhances bacterial translocation (Deitch et al, 1989). 

In contrast to the self-limited inflammation induced by LPS and FMLP, intra-
mural (subserosal) injection of poorly biodegradable PG-PS induces chronic, 
spontaneously relapsing, granulomatous enterocolitis and associated arthritis, he-
patic granulomas, anemia of chronic disease, and leukocytosis (Sartor et al, 1985; 
Yamada et al, 1993a; McCall et al, 1994). This model exhibits a biphasic pattern 
of inflammation. Acute injury at the site of injection peaks at 1-3 days and is 
mediated, in part, by interleukin-1 (IL-1) and kallikrein (McCall et al, 1994; Stad-
nicki et al, 1994). After resolution of acute inflammation over 5-7 days, granulo-
matous, fibrotic enterocoHtis spontaneously reactivates in Lewis rats approxi-
mately 14 days after PG-PS injection and is accompanied by erosive arthritis, 
hepatic granulomas, anemia, and leukocytosis (McCall et al, 1994). The chronic 
granulomatous phase is T lymphocyte-mediated, as determined by the absence of 
chronic inflammation in nude (athymic) Lewis rats, complete inhibition by 
cyclosporine, and upregulation of cecal interferon-y (Sartor et al, 1993). In addi-
tion to T-cell activation, monokines, including IL-1^ ̂ nd -/S' IL-6, gro, and IL-1 
receptor antagonist are upregulated (McCall et al, 1993, 1994). Recombinant IL-
1 receptor antagonist and IL-10 significantly attenuate chronic enterocolitis and 
arthritis (McCall et al, 1994; Herfarth and Sartor, unpublished results). 

Chronicity of inflammation in this model depends on host genetic susceptibility 
and biodegradabihty of the PG-PS polymers. Inbred Lewis rats develop aggressive 
granulomatous enterocolitis with fibrosis and extraintestinal manifestations that 
persist for at least 4 months, whereas Buffalo and Fischer F344 rats, the latter 
MHC-matched with Lewis rats, exhibit only transient, self-limited intestinal in-
flammation with no fibrosis or systemic responses (McCall et al, 1994). Poorly 
biodegradable PG-PS polymers derived from group A streptococci, enterococci, 
group D streptococci, and certain Eubacterial strains induce chronic granuloma-
tous inflammation, whereas easily biodegradable PG-PS from Peptostreptococcus 
incites only transient inflammation (Schwab, 1993). Of potential therapeutic im-
portance, degradation of PG-PS by a muralytic enzyme, mutanolysin, can prevent 
and treat chronic granulomatous enterocolitis and systemic inflammation (Sartor et 
al, 1991; Schwab, 1995). In addition to its ability to induce inflammation after 
intramural injection, luminal PG-PS has been shown to potentiate acetic acid-
induced colitis (Sartor et al, 1988) and indomethacin-induced enteritis (Davis et 
al, 1990) and has been impHcated in the pathogenesis of hepatobihary inflamma-
tion in the SFBL model (Lichtman et al, 1992). Furthermore, mucosal uptake and 
systemic transport of luminal PG-PS is increased following acetic acid injury of 
the colon (Sartor et al, 1988) and experimental small-bowel bacterial overgrowth 
(Lichtman et al, 1991b). Portal and systemic venous endotoxemia is also in-
creased in the SFBL model (Brand et al, 1994). 

Complexing LPS with luminal adsorbents such as kaoHn or tarra fullonica re-
duced endotoxemia, but had no effect on intestinal inflammation in the trinitroben-
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zene sulfonic acid model (Gardiner et al, 1993). These results are consistent with 
the lack of benefit complexing LPS with polymyxin B in hepatobihary and joint 
inflammation in the SFBL model (Lichtman et al, 1991a, 1995). 

VI. I M M U N E R E S P O N S E S T O U B I Q U I T O U S B A C T E R I A A N D 

B A C T E R I A L C O M P O N E N T S 

Evidence emerging from newer rodent models strongly suggests that chronic intes-
tinal inflanmiation is inmiunologically mediated, with a role for CD4^ T lympho-
cytes (Sartor, 1995a,e). However, the antigens driving this chronic immune re-
sponse are just beginning to be investigated. Elson and associates have 
demonstrated T- and B-lymphocyte responses to ubiquitous enteric bacteria in 
C3H/HeJ Bir substrain mice which spontaneously develop colitis (Sundberg et al, 
1994). By Western blot analysis, serum from these mice recognizes multiple epi-
topes in homogenates of normal enteric bacteria (Brandwein et al, 1995). More 
antigens were recognized from homogenates of aerobic gram-negative rods, such 
as E. coli, than from intestinal anaerobes, such as Bacteroides or Eubacterium sp., 
and outer membrane components seemed to be the dominant antigens. However, 
maximum serologic responses occurred in older mice ( > 6 months of age), which 
is long after colitis in this model spontaneously resolves (inflammation peaks be-
tween 3 and 6 weeks of age). This kinetic pattern suggests that the serum antibody 
response may be more a reflection of mucosal absorption of bacterial antigens 
rather than an integral pathogenic process. Recently, this same group showed a 
Thl-dominant response to ubiquitous luminal bacteria, including E. coli, which 
occurred during active inflammation (Cong, 1995), suggesting a more pathogenic 
role for cell-mediated than for humoral immune responses. Of interest, the appar-
ently spontaneous mutation which confers susceptibility to colitis occurs on a ge-
netic background of resistance to LPS stimulation (McCabe et al, 1993). LPS-
nonresponding C3H/HeJ mice are high responders to several types of induced 
colitis (Sartor, 1995c). Consistent with the observations of an immune response to 
bacterial membrane proteins, outer membrane proteins of B. vulgatus are capable 
of enhancing carrageenan-induced colitis in guinea pigs (Breeling et al, 1988). In 
preliminary studies, our group has demonstrated T lymphocyte responses to PO-
PS in the chronic phase of indomethacin-induced enteritis in rats (S. Tonkonogy, 
unpublished results). 

VII. C O N C L U S I O N S 

Results in a large number of disparate models consistently demonstrate that nor-
mal luminal bacteria and their products can induce and perpetuate chronic intesti-
nal and systemic inflanmiation in genetically susceptible hosts. This conclusion is 
consistent with clinical observations, which suggest that anaerobic bacteria have a 
dominant role in Crohn's disease and that aerobes influence ulcerative colitis (Sar-
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tor, 1995b). Ongoing studies in rodent models will determine whether a single 
bacterial species, or groups of bacteria, can preferentially influence chronic intesti-
nal inflammation. 

A conceptual paradigm is presented in Fig. 2, illustrating the dynamic interac-
tion between proinflammatory luminal bacterial constituents and mucosal protec-
tive forces. Because phlogistic bacterial products are present in the lumen of the 
distal ileum and colon of all rodents and humans, host susceptibility factors must 
determine the course of the inflammatory response. Critical protective mechanisms 
include the ability of the normal mucosal barrier to exclude proinflammatory bac-
terial products and active downregulation of the inflammatory response by immu-
nosuppressive T lymphocytes, cytokines, prostaglandins, and neuropeptides. Ge-
netic alterations of immunoregulation or barrier function could alter the delicate 
balance between protective and aggressive factors to favor chronic inflammation. 
Similarly, environmental agents which derange barrier function, inhibit protective 
cytokines or prostaglandins, or alter luminal bacterial constituents could preturb 
mucosal homeostasis, thereby favoring acute or chronic inflammation. It is appar-
ent from rodent studies that host genetic background is an essential determinant 
of chronicity of inflammation (Sartor, 1995f). However, an essential role for ubiq-
uitous luminal bacteria is equally evident from the studies discussed in this chap-
ter; thus, chronic intestinal inflammation is the result of an interaction between 
environmental and genetic factors. 

PROINFLAMMATORY 

Luminal bacteria 
FMLP, LPS, PG-PS 
Bacterial & Dietary 

antigens 
Bile acids 
Digestive enzymes 

MODIFYING 
FACTORS 

- A -
GENETIC 

Immunoregulation 
Barrier Function 

ENVIRONMENTAL 
Antibiotics 
Diet, Smoking 
Stress, NSAID 
Infections 

PROTECTIVE 

Impermeable 
mucosa 

Mucus, sIgA 

PGE2, PGI2 
IL-1ra, Cortisol 
IL-4,IL-10,TGF-p 
VIP, somatostatin 
Tg lymphocytes 
Glutamine, 

SCFA 

FIGURE 2. The balance between luminal proinflammatory factors and mucosal protective mecha-
nisms. The genetically determined immune response to bacterial products or epithelial barrier function 
can influence host susceptibility to chronic inflammation while environmental factors can influence 
initial onset and spontaneous reactivation of inflammation. FMLP, «-formyl-methionyl-leucyl-phenylal-
anine; IL, interleukin; TGF^, transforming growth factor-j8; NSAID, nonsteroidal anti-inflammatory 
drug; Tg, T suppressor lymphocytes; SCFA, short-chain fatty acids. Adapted from Sartor, R.B. (1990). 
Can. J. Gastroenterol 4, 271-277, and used with permission of Pulsus Group, Inc. 
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Future studies are necessary to determine which bacterial species and bacterial 
products exert a dominant driving force and to develop novel approaches to selec-
tively eliminate key proinflammatory luminal constituents. Although it is impossi-
ble to chronically sterilize the mammalian gut, it may be possible to eliminate 
targeted bacterial strains by selective antibiotics, blockade of epithelial attachment, 
immunization, or competition for ecologic niches by noninflammatory bacteria. 
Similarly, novel approaches to complexing, degrading, or inactivating bacterial 
products such as PG-PS, LPS, and FMLP, or blocking membrane receptors for 
these molecules on immune effector cells, may prove to be effective. Therapeutic 
approaches which target factors that initiate and perpetuate inflammation are con-
ceptually superior to those that attempt to block ongoing advanced inflammatory 
reactions. However, the development of therapeutic strategies that selectively tar-
get specific bacteria and bacteria constituents is dependent on identifying which 
bacterial components preferentially stimulate chronic intestinal inflammation in 
genetically susceptible hosts. 
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I. INTRODUCTION 

The normal human intestinal mucosal inmiune system has important protective 
functions, which should not lead to damage of the intestine. In healthy individuals, 
nutrients cross the interface from the external environment (the gut lumen) into 
the intestinal mucosa, while the translocation of potentially injurious agents must 
be prevented efficiently and completely (Mestecky, 1987; Mestecky and McGhee, 
1987). A critical function, therefore, of the normal intestinal immune system is the 
ability to specifically recognize and neutralize infectious agents as well as poten-
tially injurious toxins (Mestecky, 1987; Mestecky and McGhee, 1987). Discrimi-
nation between self and nonself is also critical so that host tissues are not damaged 
during the time that host protective defense mechanisms are being employed. 

Cytokines, produced by macrophages (Dinarello, 1988) and T cells, induce B 
cells to mature into plasma cells and to secrete immunoglobulins, including IgA 
(Mestecky, 1987; Mestecky and McGhee, 1987). Presentation of antigens to B 
cells initiates an orderly and precise sequence of activation steps during which 
genes that code for variable regions are joined with genes that code for constant 
regions of heavy and light chains of immunoglobulins (Mestecky, 1987; Mestecky 
and McGhee, 1987). This sequence of events results in the formation of specific 
DNA, which produces a specific messenger RNA that, in turn, allows a B cell to 
secrete an isotype and subclass-defined antibody specific for the initiating antigen 
(Mestecky, 1987; Mestecky and McGhee, 1987). The mucosal immune system has 
unique mechanisms that allow mucosal B cells to "switch" from predominantly 
IgM production to IgA production (Kawanishi et al, 1983a,b). A series of cell-
mediated and cytokine-mediated regulatory events are involved in the production 
of IgA, which is the major intestinal mucosal protective immunoglobulin (Mes-
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tecky, 1987; Mestecky and McGhee, 1987). Within normal human mucosal 
lymphoid follicles, T-cell subsets produce specific B-cell switch, differentiation, 
and growth factors, which regulate IgA production by B cells (Coffman et al, 
1987). 

In ulcerative colitis (UC) and Crohn's disease (CD), the normally protective 
mucosal immune response is not appropriately downregulated, and highly acti-
vated effector cells produce prolonged, severe inflammation. Chronic inflamma-
tory processes within the intestine thus exacerbate and perpetuate intestinal injury 
in inflammatory bowel disease (IBD). Advances in the understanding of normal 
immune and inflammatory processes in the intestinal mucosa have continued to 
provide new insights into the immunopathogenic mechanisms involved in the idio-
pathic, chronic inflammatory intestinal diseases UC and CD (MacDermott and 
Stenson, 1988; MacDermott, 1994). In this chapter, a brief overview of current 
concepts regarding the role of the mucosal immune system in IBD will be pre-
sented. 

II . ALTERATIONS I N I M M U N O G L O B U L I N S Y N T H E S I S 

AND S E C R E T I O N 

Long-standing IBD is characterized by a mixed cellular infiltrate composed pre-
dominantly of B cells and T cells. In the normal intestine, IgA-positive B cells 
predominate. In IBD, however, IgG-containing cells are increased more than IgA-
containing cells and are present in deeper tissue layers (Brandtzaeg et al., 1988). 
The intestinal lumen contains numerous immunogenic molecules that physiologi-
cally stimulate the normal mucosal immune system, which, in turn, reacts by 
mounting a protective response. In IBD, the mucosal immune system exhibits a 
markedly heightened IgG immune response. Our studies have provided evidence 
for the presence of highly activated T cells and B cells, as evidenced by the 
heightened spontaneous immunoglobulin secretion observed from intestinal and 
peripheral blood mononuclear cells, particularly with regard to IgG and the IgG 
subclasses (MacDermott, 1988, 1994; MacDermott and Nahm, 1987; MacDermott 
and Stenson, 1988; MacDermott et al, 1989). 

Both phenotypic and functional parameters indicate an increased state of activa-
tion of normal lamina propria T and B cells, which may be induced through con-
tinuous antigenic stimulation by lumenal antigens (Peters et al, 1989). The en-
hanced in vivo activation of normal intestinal B lymphocytes in comparison to 
peripheral blood mononuclear cells (MNC) may lead to heightened spontaneous 
in vitro immunoglobulin secretion (Schreiber et al, 1991a,b, 1992). IBD intestinal 
MNC exhibit markedly increased IgG secretion compared with control intestinal 
MNC (Scott et al, 1986). When compared with normal control intestinal MNC, 
we observed that a marked increase in spontaneous secretion of IgG is observed 
from IBD intestinal MNC (Scott et al, 1986). The greatest increase in spontaneous 
IgG secretion is seen with UC intestinal MNC, owing to the secretion of large 
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amounts of IgGl with a concomitant increase in IgG3 secretion. CD intestinal 
MNC exhibit increased IgG secretion primarily consisting of IgGl and IgG2 
(Scott et ah, 1986). We have observed similar alterations in IgG subclass concen-
trations in the sera of active, untreated IBD patients, thus underscoring the in vivo 
relevance of our in vitro findings (MacDermott et al, 1989). 

Increased total IgG and IgG subclass secretion by isolated IBD intestinal MNC 
in vitro is most likely due to increased numbers and altered ratios of intestinal 
plasma cell populations in IBD. The total lymphocyte number has been observed 
to be 4 times greater than normal in intestinal specimens from patients with both 
UC and CD (Brandtzaeg et al, 1988; Van Spreeuwel et al, 1985) with the major 
increase occurring in IgG-containing cells. Compared with control specimens, the 
number of IgG-containing cells was 30 times greater, whereas the number of IgA-
containing cells were 2 times greater than normal (Brandtzaeg et al, 1988; Van 
Spreeuwel et al, 1985). The increased in vitro secretion of total IgG and IgG 
subclasses from IBD intestinal MNC is most likely related to the increased per-
centage of IgG-containing cells present in vivo in inflamed mucosa. Both IgGl 
and IgG3 are better complement pathway activators and opsonins than IgG2 and 
IgG4 (Heiner, 1984, Oxelius, 1984). 

It is now apparent that within the intestine involved with disease itself, major 
alterations in antibody secretion occur, particularly with regard to spontaneous IgG 
subclass secretion. Delineation of the stimuli and antigens that induce increased 
secretion of IgG subclasses in intestinal mucosa may, thus, provide valuable in-
sights into possible etiologic and immunopathogenic aspects of IBD (MacDermott 
and Nahm, 1987; MacDermott and Stenson, 1988; MacDermott, 1994). Recent 
studies have demonstrated that perinuclear anti-neutrophil cytoplasmic antibodies 
(pANCA) are found in 70% of culture supematants from UC lamina propria lym-
phocytes, indicating the existence of pANCA-producing B-cell clones in active 
UC intestinal mucosa (Targan et al, 1995). 

III. T H E R O L E O F C O M P L E M E N T I N IBD 

The possible role of complement activation in tissue destruction in IBD (Hals-
tensen et al, 1989a,b) has been studied using monoclonal antibodies that recog-
nized a neoepitope only expressed by activated C3b and the cytolytically active 
terminal complement complex. This approach was used to identify potential com-
plement-induced damage in tissue sections from inflamed IBD intestine. Nine of 
11 patients with UC showed activated C3b deposited apically on the surface epi-
thelium of involved mucosa, whereas no deposits were seen in 31 matched nonin-
flamed specimens or in 16 of 17 healthy controls. Moreover, a striking colocaliza-
tion of IgGl, activated C3b, and terminal complement complex was observed in 4 
of the 11 UC patients. Thus, IgGl, secreted into the lumen during active UC, 
immune processes may provide a mechanism for contiguous bowel destruction via 
complement activation. 
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An increased vascular deposition of terminal complement complex in both UC 
and CD (Halstensen et al, 1989a) has also been demonstrated. Interestingly, 5 out 
of 10 UC specimens and 1 out of 5 CD samples contained terminal complement 
complex located outside of the blood vessels in the mucosa or submucosa. In IBD, 
significantly more C3C reactivity was associated with terminal complement com-
plex deposition, thus indicating continuous complement activation and deposition 
within the blood vessel wall (Halstensen et al, 1989a). These findings are consis-
tent with the in vivo studies by Ahrenstedt et al. (1990) who found that both C3 
and C4 levels in jejunal perfusates of CD patients were increased when compared 
with healthy controls. Complement activation in IBD may lead to the initiation of 
both acute and chronic tissue destruction. In addition, complement as a component 
of immune activation may result in enhanced recruitment of granulocytes and 
macrophages, which can lead in turn to the increased in vitro release of potent 
chemotactic mediators such as LTB4 and IL-8 by the newly recruited macrophages 
and neutrophils. 

IV. G R A N U L O C Y T E A N D M A C R O P H A G E F U N C T I O N 

During active IBD, large numbers of neutrophils and monocytes leave the blood-
stream and migrate into the inflamed mucosa and submucosa. These cells carry 
out a series of destructive inflammatory events and then continue to migrate on 
through the bowel wall into the intestinal lumen. The biological events that occur 
during intestinal inflammation are the result of a multiplicity of interacting in-
flammatory mediators, cytokines, and chemokines. 

Saverymuttu et al. (1985a,b) carried out functional studies that demonstrated 
the movement of inflammatory cells in IBD. Patients' peripheral blood phagocytes 
(granulocytes and monocytes) were isolated, labeled in vitro with ^^Hndium tropo-
lonate, and reinjected. The migration of the ^^Hndium-labeled phagocytes was then 
assessed with time, using a whole-body gamma camera. In 20 of 22 patients with 
CD, over 90% of radiolabeled phagocytes accumulated rapidly in the inflamed 
intestine (Saverymuttu et al., 1985a,b). A similar study conducted in 15 UC pa-
tients showed enhanced migration into areas of inflamed bowel (Saverymuttu et 
al, 1985b). These studies demonstrated the greatly increased migration of mono-
cytes, macrophages, and polymorphonuclear neutrophils (PMNs) into the intestine 
that occurs in IBD and in addition showed that monitoring phagocytic cell move-
ment could be of potential value in the clinical assessment of IBD patients (Saver-
ymuttu et al., 1985a,b).The introduction of ^^"^technetium-hexamethyl propylene 
amine oxine as a leukocyte label in CD has further refined techniques for assessing 
phagocytic cell migration in IBD (Schoelmerich, 1988). The selective labehng of 
mononuclear phagocytes (monocytes) by ^^"^technetium stannous colloid has al-
lowed focus on better understanding of macrophage migration in IBD (Pullman et 
al, 1988). 
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V. PROINFLAMMATORY CYTOKINES 

Both lymphocytes and macrophages in inflamed intestinal mucosa synthesize and 
secrete large numbers of potent proinflammatory mediators. Inflammatory destruc-
tive processes are mediated in part by IL-1 (IL-1^ and IL-1^), IL-6, and TNFa 
(cachectin). When the two forms of IL-1 (a and j8) are compared, they exert very 
similar functions despite their different sources and their structural dissimilarities. 
The best known activities of IL-1 include the induction of fever (endogenous pyro-
gen), the stimulation of acute-phase protein synthesis, and the initiation of lym-
phocyte activation events. TNF, which shares only 3% homology with IL-1, is 
identical with cachectin, which causes hemodynamic shock and cachexia associ-
ated with various disease states. Human T-cell activation requires both a cross-
linking mechanism for the T-cell antigen receptor complex and the presence of IL-
1, which, under physiologic conditions, are both provided by the macrophage. In 
addition to macrophages, it should be noted that B cells, astrocytes, mesangial 
cells, keratinocytes, and endothelial cells can also act as accessory cells by produc-
ing or expressing membrane-bound IL-1. 

Isaacs et al (1992) as well as Stevens et al (1990) demonstrated that IL-1 
mRNA was present in the inflamed mucosa of a majority of IBD patients. Increas-
ing interest has, therefore, focused on the role of proinflammatory cytokines in the 
initiation and enhancement of intestinal inflammatory processes. Mahida et al. 
(1989) studied IL-lj8 release from isolated intestinal lamina propria mononuclear 
cells and observed enhanced spontaneous secretion by monocytes from IBD pa-
tients when compared with normal controls. Lipopolysaccharide further enhanced 
IL-1 ̂ production by IBD lamina propria mononuclear cells but not by those from 
normal controls (Mahida et al, 1989). Moreover, depletion of macrophages abol-
ished IL-1^ secretion (Mahida et al, 1989). Cominelli and Dinarello (1989) and 
Cominelli et al (1990) demonstrated that increased IL-1 concentrations play a key 
role in the pathogenesis of rabbit immune complex colitis and that tissue levels of 
IL-1 correlate with the severity of inflammation. IL-1 mRNA was detectable as 
early as 4 hr after induction of colitis, thus indicating that IL-1 gene expression 
occurs as an early event in experimental immune complex colitis (Cominelli et 
al, 1990). The rise in IL-1 preceded the increase of PGE2 and LTB4. Moreover, 
treatment with IL-1 receptor antagonist (IL-lRa) reduced the extent and severity 
of the inflammatory response associated with immune complex colitis (Cominelli 
et al, 1990). 

Studies by Isaacs et al (1992) using the polymerase chain reaction to detect 
cytokines in intestinal lamina propria showed a more frequent occurrence of IL-1, 
IL-6, and TNFa in CD and UC patients when compared to normal patients. We 
have observed that lamina propria mononuclear cells (LPMNC) isolated from en-
doscopic biopsy specimens from patients with active IBD secreted high amounts 
of IL-1^, TNFa, and IL-6 (Reinecker et al, 1993). MacDonald et al (1990a,b) 
investigated the secretion of TNFa in IBD by using a spot enzyme-linked immu-
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nosorbent assay (ELISA) technique. In both CD and a subgroup of UC patients, 
TNFa-secreting intestinal mononuclear cells were increased in frequency in com-
parison with normal controls (MacDonald et al, 1990a,b). We have found that 
there is very low spontaneous in vitro release of TNFo: by LPMNC isolated from 
endoscopic biopsy specimens from normal donors and IBD patients (Reinecker et 
al, 1993). Stimulation of LPMNC with pokeweed mitogen (PWM), interestingly, 
induced an enhancement of TNFa release, which was significantly higher in IBD 
than normal controls (Reinecker et al, 1993). TNFa activates endothelial cells 
and can induce IL-1 and IL-6. Both IL-2 and TNFa stimulate PGI2, PGE2 
and PAF secretion by cultured endothelial cells. Sustained inflammation lead-
ing to tissue destruction in IBD could potentially be mediated to a significant 
degree by the potent biologic activities of the proinflammatory cytokines IL-1 
and TNFa. 

VI. L E U K O T R I E N E S 

The 5-lipoxygenase pathway is found primarily in cells of bone marrow origin 
involved in inflammatory processes (i.e., mast cells, neutrophils, monocytes, and 
macrophages) (Borgeat and Samuelsson, 1979; Stenson and Parker, 1984). The 
major products of the 5-lipoxygenase pathway are 5-hydroxy-6,8,ll,14-eicosate-
traenoic acid (5-HETE) and leukotrienes B4, C4, D4, and E4 (LTB4, LTC4, LTD4, 
and LTE4). LTB4 and, to a lesser extent, 5-HETE exert potent chemotactic activi-
ties for neutrophils. LTB4, in the presence of neutrophils, also induces enhanced 
vascular permeability. The sulfidoleukotrienes induce smooth muscle contraction 
in the lung, blood vessels, and gastrointestinal tract (Stenson and Parker, 1984). 

Incubation of IBD mucosa with radiolabeled arachidonic acid results in the 
synthesis of large quantities of LTB4 and 5-HETE and smaller quantities of PGE2 
and thromboxane B2 (Sharon and Stenson, 1984). IBD mucosa produces larger 
quantities of leukotrienes than normal mucosa (Sharon and Stenson, 1984). Levels 
of both PGE2 and LTB4 were markedly higher in rectal dialysates from UC pa-
tients and declined to normal levels after treatment with a short course of predni-
solone (Lauritsen et al, 1985). The presence of large numbers of neutrophils and 
mononuclear phagocytes in IBD mucosa suggests that there is a chemotactic factor 
(or factors) present in IBD mucosa that induces neutrophils to migrate out of the 
circulation and into the tissue. LTB4 is a potent chemoattractant for human neutro-
phils (Ford-Hutchinson et al, 1984); there are, however, other potent chemotactic 
molecules, such as chemokines, that we now believe are likely to be critical and 
central to the perpetuation of IBD. 

VII. C H E M O K I N E S ( C H E M O T A C T I C C Y T O K I N E S ) 

The migration of immune competent cells is specifically regulated by a recently 
described family of chemotactic cytokines termed chemokines (Yoshimura et al. 
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1987; Oppenheim et al, 1991; Baggiolini et al, 1989, 1994; Matsushima et al, 
1988; Standiford et al, 1990a; Miller and Krangel, 1992; Yoshimura and Leonard, 
1991). Chemokines are chemotactic cytokines induced by proinflammatory stimuli 
that, when secreted, are involved in activating and regulating the multistep process 
of selective adhesion, cell activation, and migration of leukocytes (Yoshimura et 
al, 1987; Oppenheim et al, 1991; Baggiolini et al, 1989, 1994; Matsushima et 
al, 1988; Standiford et al, 1990a; Miller and Krangel, 1992; Yoshimura and Leo-
nard, 1991). Chemokines have the ability to initiate, upregulate, and perpetuate 
inflammation. In contrast to most previously recognized chemoattractants, chemo-
kines direct the migration of specific leukocyte subpopulations, and thus chemo-
kines may lead to processes that either increase or inhibit mucosal inflanmiation 
by discrete cell types. Our recent studies have demonstrated the expression of 
several chemokines within the intestinal mucosa, and have established the involve-
ment of chemokines in mucosal inflammation in IBD. Our studies have also dem-
onstrated that, in addition to lamina propria leukocytes and endothelial cells, intes-
tinal epithelial cells synthesize and secrete chemokines. Intestinal epithelial cells 
may therefore participate in the processes leading to the attraction of leukocytes 
into the intestinal mucosa, and may regulate the composition of different leukocyte 
subsets in the intestinal lamina propria. The interaction of intestinal epithelial cells 
and intestinal leukocytes in the regulation of the recruitment of immune competent 
cells into the intestinal mucosa may be pivotal for the function of the mucosal 
inmiune system in both health and disease. 

Chemokines are a family of low-molecular-weight (8-10 kDa), basic, heparin-
binding proteins that are related by both the primary structure and the position of 
four cysteines in their amino acid sequence (Yoshimura et al, 1987; Oppenheim 
et al, 1991; Baggiolini et al, 1989, 1994; Matsushima et al, 1988; Standiford et 
al, 1990a; Miller and Krangel, 1992; Yoshimura and Leonard, 1991). At least 20 
different chemokines have been described to date. The chemokine family has been 
divided into two subfamilies based on the arrangement of the first two cysteines 
(Oppenheim et al, 1991; Baggiolini et al, 1994; Miller and Krangel, 1992). The 
members of the two subfamilies can be distinguished based upon structural charac-
teristics and the chromosomal location of their genes (Oppenheim et al, 1991; 
Baggiolini et al, 1994). In the C-X-C, or a-chemokine, subfamily, the first two 
cysteines are separated by one amino acid. Members of this branch include in-
terleukin-8, platelet factor 4 (PF4), melanocyte growth stimulatory activity 
(MGSA, also termed GROa), GROjS, GROy, NAP-2, ENA-78 (epithehal cell-
derived neutrophil activator with 78 residues), yIP-10 (y-interferon inducible pro-
tein of 10 kDa). The genes for the a-chemokines are clustered together on human 
chromosome 4, q 12-21. In the C-C branch or j8-chemokine subfamily the first two 
cysteines are adjacent. Members of the C-C branch include: monocyte chemoat-
tractant protein-1, -2, and -3 (MCP-1, MCP-2, and MCP-3), RANTES (regulated 
on activation, normal T cell expressed and secreted), and macrophage inflamma-
tory proteins \a and lj8 (MlP-la and MIP-1 j8), 1-309, and Eotaxin. The genes for 
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the )8-chemokines are colocalized on chromosome 17, qll-21. The location of the 
two different subfamilies on two entirely different genes may prove of importance 
in the future in that cell activation pathways and regulatory mechanisms may 
prove to be different for the a- as opposed to the j8-chemokines. 

In general, a-chemokines, such as IL-8, GROa, and ENA-78, are potent chemo-
attractants and activators of neutrophils but not monocytes, while /3-chemokines, 
including MCP-1, RANTES, MlP-la, and MIP-lj8, are potent chemoattractants 
and activators of monocytes but not neutrophils. Some chemokines are also able 
to specifically attract lymphocytes: RANTES is a chemoattractant for memory T 
cells; IL-8 attracts T cells in vitro and in vivo (Baggiolini et al, 1994), and MCP-
1, MCP-2, and MCP-3 are able to direct the migration of stimulated human CD4^ 
and CD8^ T lymphocytes (Loetscher et al, 1994). Chemokines also have effects 
on other blood leukocytes. Both MCP-1 and RANTES are direct mediators of 
the release of histamine by human basophils, while RANTES and MlP-la are 
chemoattractants and activators of eosinophils (Baggiolini et ah, 1994). Proin-
flammatory cytokines are potent upregulators and stimulators of chemokine syn-
thesis and secretion (Barker et al, 1990). Dexamethasone inhibits chemokine syn-
thesis and secretion (Tobler et al, 1992); therefore, one possible anti-inflammatory 
mechanism of steroids in IBD may be downregulation of chemokine production. 
Monocytes and macrophages synthesize and secrete most of a-chemokines. Auto-
crine feedback mechanisms could further stimulate the recruitment of leukocytes 
by chemokines. Many diverse cell types, when stimulated by proinflammatory 
cytokines, produce chemokines, including endothelial cells, epithelial cells, and 
fibroblasts (Oppenheim et al, 1991; Baggiolini et al, 1994; Standiford et al, 
1990b; Yoshimura and Leonard, 1990a). Therefore, in the intestine there are a 
large number of different cell types that have the potential of producing chemo-
kines. 

VIII . C H E M O K I N E A C T I O N S 

Chemokines are potent chemoattractants and activators of granulocytes and macro-
phages. As part of the chemoattractant process, granulocytes and macrophages 
undergo a shape change, termed diapedesis, which is the development of long 
cytoplasmic outpouchings that reach ahead from the cell in the direction of move-
ment (Baggiolini et al, 1994). Diapedesis is one of the earhest processes triggered 
by chemokines. In order for leukocytes to attach and adhere to capillary wall 
endothelial cells, they first must slow, marginate, and then roll along the endothe-
Hal lining cells. Migration of leukocytes between the endothelial cells and on into 
the intestinal mucosa is mediated by families of cell-surface molecules including 
selectins and integrins (Albelda et al, 1994; Springer, 1994). Selectin and integrin 
molecule expression is upregulated by chemokine activation of endothelial cells 
(Albeda and Buck, 1990; Butcher, 1991; Bevilacqua and Nelson, 1993; Lasky, 
1992). Chemokine activation of endothelial cells, as well as circulating granulo-
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cytes and macrophages, leads to increased expression of selectins and integrins so 
that attachment, rolHng, adhesion, and subsequent migration events can occur 
(Albeda et aU 1994; Springer, 1994; Albeda and Buck, 1990; Butcher, 1991; Bevi-
lacqua and Nelson, 1993; Lasky, 1992). The adherent leukocytes transmigrate be-
tween the endothelial cells, and continue to move into areas of mucosal inflamma-
tion, a process which requires a chemotactic gradient. Potent, long-lived 
chemokines, such as IL-8, are capable of providing upregulatory activation and 
chemotactic stimuli that are central to both the adherence and transmigration of 
granulocytes and monocytes (Oppenheim et al, 1991; Baggiolini et al, 1994). 
Therefore, adhesion molecules, selectins, and integrins, which are upregulated by 
chemokines, promote the increased flux of leukocytes into areas of inflammation. 

After migration of granulocytes and monocytes into the internal mucosa, chem-
okines can then activate the respiratory burst during which oxygen radicals are 
formed by leukocytes. Reactive oxygen metabolites are highly toxic and can both 
protect against infectious agents and damage nearby "innocent bystander" cells. 
Chemokines very effectively stimulate the respiratory burst and oxygen radical 
production by neutrophils and macrophages (Oppenheim et al, 1991; Baggiolini 
et al, 1994; Rollins et al, 1991), which is one of the major destructive processes 
in the pathogenesis of inflammatory bowel disease. A second destructive process, 
which chemokines activate in leukocytes, is the process of exocytosis, in which a 
wide variety of potent enzymes are released from granules within granulocytes 
and macrophages (Oppenheim et al, 1991; Baggiolini et al, 1994). By stimulating 
intracellular storage granules to release preformed destructive enzymes, chemo-
kines convert macrophages and granulocytes into potent "rapid strike force" ef-
fector cells that are able to quickly destroy a large number of substrates, including 
proteins, sugars, and major components of cell membranes as well as the extracel-
lular matrix. Third, in leukocytes that are triggered by chemokines another im-
portant group of proinflammatory molecules is the increased formation of all ara-
chidonic acid metabolism pathway products. Chemokines stimulate cells to 
increase their production of arachidonic acid metabolism pathway products (Bag-
giolini et al, 1994) including the potent chemotactic molecule LTB4, which then 
contributes to increasing the nonspecific migration of inflammatory cells into the 
mucosa. 

IX. C H E M O K I N E ( S E R P E N T I N E ) R E C E P T O R S 

The chemokine receptors, like their ligands, consist of a large family of structur-
ally and functionally related cell-surface membrane proteins. They are members of 
a superfamily of seven transmembrane domain rhodopsin-like, G-protein-coupled 
receptors that can be defined by amino acid homologies, and that belong to the 
serpentine family of transmembrane receptors (Kelvin et al, 1993; Grob et al, 
1990; Samanta et al, 1990; Holmes et al, 1991; Murphy and Tiffany, 1991; Yos-
himura and Leonard, 1990b). Each receptor has seven sequential hydrophobic 



3 3 0 Richard P. MacDermott 

membrane-spanning regions with an extracellular N-terminus and an intracellular 
C-terminus. The intracellular loops that connect the seven membrane-spanning re-
gions interact with G-proteins (Kelvin et al, 1993), which then trigger a sequence 
of intracellular enzymes leading to activation of the cell. The chemokine receptor 
family includes receptors specific for a-chemokines (IL-8 receptor A and B), re-
ceptors specific for j8-chemokines (MIP-la/RANTES receptor, MCP-1 receptor A 
and B), and receptors that are able to bind both a-chemokines and j8-chemokines 
(Duffy antigen/erythrocyte chemokine receptor). 

Classically, a-chemokine and /3-chemokine receptors selectively bind different 
proteins of the corresponding chemokine families. Each chemokine receptor, how-
ever, exhibits different affinities and specificities for certain chemokines. For ex-
ample, the two major receptors for IL-8 are IL-8 receptor A (Holmes et al, 1991) 
and IL-8 receptor B (Murphy and Tiffany, 1991). IL-8 receptor A is highly specific 
for IL-8, to which it binds with high affinity. In contrast, IL-8 receptor B binds 
not only IL-8, but also two other a-chemokines: monocyte growth-stimulating 
activity (GRO/MGSA) and neutrophil-activating peptide (NAP-2) (Lee et al, 
1992; Gayle et al, 1993). Thus, IL-8 receptor B is "promiscuous" in its binding 
when compared to IL-8 receptor A. In addition, IL-8 receptor A, which is the 
receptor with higher IL-8-specificity, is found almost exclusively on neutrophils, 
while IL-8 receptor B is found not only on neutrophils but also on monocytes and 
T cells (Kelvin et al, 1993; Holmes et al, 1991; Murphy and Tiffany, 1991; Lee 
et al, 1992; Gayle et al, 1993). 

Similar observations have been made for the serpentine receptors that interact 
with the j8-chemokine subfamily members (Ahuja et al, 1994; Wang et al, 
1993b). Monocyte chemotactic and activating factor (MCAF)/MCP-1 binds with 
very high affinity to the MCAF/MCP-1 receptor found predominantly on mono-
cytes (Yoshimura and Leonard, 1990b). Monocytes also express a second MCP-1 
receptor that is able to bind two other j8-chemokines: macrophage inflammatory 
protein-la (MlP-la) and macrophage inflammatory protein-1/3 (MIP-1/3) (Oh et 
al, 1991). Finally, a third receptor on monocytes exhibits binding "promiscuity" 
because it exhibits low affinity, binding with MCAF/MCP-1, as well as with both 
MlP-la and MIP-1/3 (Wang et al, 1993b) and also with RANTES (Wang et al, 
1993a). 

Different chemokines may therefore be able to selectively direct a discrete, 
focused cellular response by activating certain cell types through high-affinity re-
ceptors. The promiscuous receptor sharing among chemokines, on the other hand, 
may be an important regulatory mechanism to allow the increased attraction of a 
mixed leukocyte population. The final composition of the inflammatory cell popu-
lation in response to chemokine stimulation and activation may depend on both 
the composition of the secreted chemokines and the relative expression of different 
chemokine cell-surface receptors. Because related receptors with different affinit-
ies and cross-reactive binding capabilities are present on each type of cell, relative 
differences in receptor distribution and receptor affinity for specific chemokines 
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may significantly influence which cells are actually attracted to and activated by 
each individual chemokine. 

The current model of signal transduction in leukocytes by chemokines involves 
a receptor whose binding ability is increased by conformational changes induced 
by association with the GDP bound state of a pertussis toxin-sensitive heterotrim-
eric G protein. The short, third, intracellular loop of the serpentine receptor family 
of molecules may serve as the G-protein recognition site based on similarities to 
the well-characterized intracellular regions involved in rhodopsin-induced cellular 
activation (Baggiolini et al, 1994). After ligand binding, the activated receptor 
catalyzes the exchange of GDP for GTP by the G-protein a subunit, resulting in 
dissociation of a from jSy subunits. In turn, jSy activates a phosphoinositide-spe-
cific phospholipase C (PLC), leading to the accumulation of inositol triphosphate 
and diacylglycerol in the cytoplasm. Inositol triphosphate results in the increased 
release of calcium from within the cell, while diacylglycerol activates protein ki-
nase C, leading to the delayed activation of phospholipase D (PLD). Early PLC-
mediated and late PLD-mediated biochemical events have been temporally corre-
lated with the highly sensitive migratory response and relatively insensitive cyto-
toxic responses of phagocytes to chemoattractants. Chemokine activation through 
serpentine family receptors therefore leads to signal transduction and intracellular 
activation processes. This in turn causes the granulocyte or macrophage to change 
shape, move between endothelial cells into sites of inflammation, and then exhibit 
increased respiratory burst activity with the production of oxygen radicals as well 
as granule exocytosis with the release of potent destructive enzymes. 

X. I N T E R L E U K I N - 8 A N D M O N O C Y T E CHEMOATTRACTANT 

P R O T E I N - 1 I N U L C E R A T I V E C O L I T I S A N D C R O H N ' S D I S E A S E 

The role of chemokines in the pathophysiology of UC and CD has just begun to 
be examined. Chemokines could play a central role in IBD because the chemo-
kines are relatively resistant to inactivation in vivo, in contrast to other chemoat-
tractants such as LTB4, FMLP, and PAF, which have shorter half-lives (Oppenheim 
et al, 1991; Baggiolini et al, 1994). Furthermore, chemokines are produced by a 
number of different cell types after stimulation by proinflammatory cytokines; 
therefore, similar chemotactic signals could be produced quickly in response to 
the stimulation of intestinal cells by a variety of different stimulatory processes 
(Oppenheim et a/., 1991; Baggiolini et al, 1994). 

The potential involvement of chemokines in the pathophysiology of various 
diseases has centered to date on the measurement of chemokine levels in involved 
sites of disease activity. Inflammatory skin diseases were among the first to be 
examined, with psoriatic lesions being shown to contain markedly increased con-
centrations of IL-8. IL-8 has been thought to be involved in mediating the forma-
tion of neutrophilic skin microabscesses that are commonly found in psoriatic skin 
lesions (Schroder, 1992). The second chronic inflammatory condition that has been 
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extensively examined for elevated levels of chemokines is arthritis (Seitz et ah, 
1991). Very high levels of IL-8 have been found in the synovial fluid of patients 
with rheumatoid arthritis (Rampart et ai, 1992). In addition, the concentration of 
MCAF/MCP-1 has also been found to be elevated in the synovial fluid of patients 
with arthritis (Koch et al, 1992). Inflammatory pulmonary diseases that are known 
to be associated with a marked increase in neutrophils have also been examined 
for elevated chemokine levels. Increased expression of IL-8 mRNA has been ob-
served in alveolar macrophages, coupled with increased IL-8 levels in bronchoal-
veolar lavage fluid from idiopathic pulmonary fibrosis patients (Carre et ai, 1991). 
Studies carried out by Mahida and co-workers (1992), Izzo and co-workers (1992), 
and Hommes and co-workers (1992) have demonstrated increased synthesis and 
production of IL-8 in UC. 

We developed a quantitative polymerase chain reaction (RT-PCR) assay (Izutani 
et al, 1994) to determine the amount of IL-8 mRNA and MCP-1 mRNA in muco-
sal sections obtained from resected specimens from patients with CD and UC 
(Izutani et ai, 1995; Reinecker et al, 1995). The quantitative PCR is based on the 
use of an internal standard RNA that differs in size from the original RNA (Izutani 
et al, 1994). The standard RNA (sRNA) is then reverse transcribed together with 
the sample RNA, and amplified by PCR using the same set of primers (Izutani et 
al, 1994). The size difference between the two PCR products allows electropho-
retic separation and quantification of the radioactively labeled PCR products (Izu-
tani et al, 1994). Templates for the generation of synthetic RNA specific for hu-
man IL-8 and MCP-1 were constructed (Izutani et al., 1995; Reinecker et al., 
1995). The amount of IL-8 mRNA or MCP-1 mRNA was then determined (Izutani 
et al, 1995; Reinecker et al, 1995). 

We observed very high levels of IL-8 mRNA in involved UC mucosa and 
significantly increased IL-8 mRNA levels in involved CD mucosa (Izutani et al, 
1995). Much higher levels of IL-8 mRNA expression were observed in involved, 
as opposed to noninvolved, intestinal mucosal sections obtained from UC and CD 
patients (Izutani et al., 1995). Mucosa from diverticulitis patients used as disease 
specificity control specimens showed moderately increased IL-8 mRNA. Similar 
patterns of IL-8 mRNA expression were observed in isolated epithelial cells ob-
tained from the same mucosal sections (Izutani et al, 1995). Our studies (Izutani 
et al, 1995) have demonstrated that IL-8 mRNA levels are markedly increased to 
extraordinarily high amounts in inflamed mucosa and isolated epithelial cells from 
UC patients. 

In normal intestinal mucosa, analysis by immunohistochemistry demonstrated 
MCP-1 predominantly in the surface epithelium (Reinecker et al, 1995). In con-
trast, inflamed mucosa from patients with UC or CD contained multiple cells im-
munoreactive for MCP-1, including spindle cells, mononuclear cells, and endothe-
lial cells (Reinecker et al, 1995). MCP-1 mRNA expression (Reinecker et al, 
1995) was equally and markedly increased in inflamed intestinal biopsies from 
patients with UC, CD, and diverticulitis. MCP-1 expression within freshly isolated 
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intestinal epithelial cells was able to be upregulated by IL-1^ and PMA (Reinecker 
et al, 1995). Immunoprecipation detected MCP-1 in conditioned media from 
Caco-2 cells (Reinecker et a/., 1995). Caco-2 cell-conditioned media stimulated 
monocyte chemotaxis activity that was inhibited by anti-MCP-1 antibodies (Rein-
ecker et al, 1995). Constitutive MCP-1 mRNA levels in Caco-2 cells were upreg-
ulated by interleukin-lj8 and downregulated by dexamethasone (Reinecker et al, 
1995). 

Chemokines have been characterized, and have begun to be implicated as im-
portant components in promoting chronic inflammation in a variety of different 
diseases. Chemokines are relatively resistant to inactivation, have long half-lives 
in vivo, are produced by many different cell types, interact with a wide variety of 
specific serpentine family chemokine receptors on leukocyte cell surfaces, and 
have selective chemotactic activities with regard to defined subtypes of leukocytes. 
Therefore, chemokines have become prime candidates as molecules that may play 
pivotal roles in the perpetuation and upregulation of the chronic inflammatory 
process in UC and CD patients (Izutani et al., 1995; Reinecker et al, 1995). 

Because of the different target cell specificities that characterize the a-chemo-
kine versus /3-chemokine subfamilies, a wide range of leukocyte chemotactic and 
activation responses may be seen. Thus, different types of inflammatory cell infil-
trates could be seen pathologically in IBD tissue, depending on variations in the 
repertoire of serpentine family receptor distribution on the surface of circulating 
leukocytes. Furthermore, because a large number of different chemokine mole-
cules can be stimulated and produced, differences in disease activity and tissue 
pathology may ultimately be able to be explained in part by differences in the 
relative production of different types of chemokines. 

The mRNA levels in isolated and purified intestinal epithelial cells from in-
volved versus noninvolved UC mucosa showed a correlation with IL-8 mRNA 
levels in the mucosal sections, suggesting a potentially pivotal and important con-
tribution by epithelial cells themselves in the establishment of chemotactic gradi-
ents for granulocytes within the lamina propria of UC patients (Izutani et al, 
1995). In further support of this hypothesis, human intestinal epithelial tumor cell 
line cells (Caco-2) express mRNA for IL-8 and respond to stimulation due to IL-
1 with an increase in IL-8 mRNA (Izutani et al, 1995). Cytokines such as IL-1 
and TNF could thus act to stimulate the increased production of IL-8 from sur-
rounding immune and nonimmune cells, thereby further amplifying the migration 
of additional granulocytes from the vascular compartment into the intestinal mu-
cosa. IL-8 secretion by intestinal epithelial cells may be of particular importance 
in UC and may in part account for the dominant role of granulocytes in UC 
mucosa. 

Our data also strongly suggest that MCP-1 may play a particularly significant 
role in CD (Reinecker et al, 1995). Production of MCP-1 by endothelial cells, 
LPMNC, and epithelial cells could establish a chemotactic gradient capable of 
influencing the increased migration of monocytes/macrophages from the blood 
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Stream through the endothelium into both the mucosa and submucosa during 
chronic active CD. The abihty of MCP-1 to induce monocyte activation, macro-
phage exocytosis, increased release of destructive enzymes, and upregulation of 
respiratory burst activity indicates that there may be a variety of different pro-
cesses in which MCP-1 may markedly increase monocyte/macrophage function in 
CD. 

Therefore, the most intriguing and provocative aspect of our studies to date is 
that the relative patterns of IL-8 mRNA and MCP-1 mRNA differ, depending upon 
the nature of the IBD process (Izutani et al, 1995; Reinecker et al, 1995). The 
most striking finding is the enormous elevation in IL-8 mRNA seen in actively 
involved UC mucosa and epithelial cells (Izutani et al, 1995). Although it is un-
clear as to whether this marked increase in IL-8 mRNA is primary or secondary, 
there may be a close relationship between increased IL-8 and the predominantly 
granulocytic infiltrate seen in UC. 

At a cHnical level, the measurement of chemokine mRNA levels in tissue or 
secreted chemokines into the intestinal lumen could prove helpful in the future as 
a measurement of the amount of ongoing mucosal inflammation in UC and/or CD. 
Measurement of chemokines could possibly provide ways of determining the level 
of disease activity and/or of following the response to therapy in IBD patients. 
Based upon our observations (Izutani et al, 1995; Reinecker et al, 1995), IL-8 
mRNA and/or IL-8 levels may prove to be of particular interest in objectively 
assessing mucosal inflammation and/or disease activity in UC. Conversely, MCP-
1 mRNA and/or MCP-1 levels may prove to be closely related to the state of 
disease activity and tissue destruction in CD. 

Our observations (Izutani et al, 1995; Reinecker et al, 1995) suggest that the 
development of selective inhibitors for chemokines will be of great interest as 
potential novel therapeutic strategies in UC and CD. Compounds that inhibit 
chemokine synthesis, or that block chemokine binding to serpentine family recep-
tors on granulocytes and monocytes, may have the potential of inhibiting the pro-
cess of granulocyte and monocyte migration into the mucosa and submucosa of 
involved intestine in IBD patients, which could diminish the severity of the in-
flammatory response and, thus, clinical disease activity. A more complete under-
standing of the role of chemokines in UC and CD will follow studies that investi-
gate in detail the intracellular and molecular mechanisms by which chemokines 
activate and attract inflammatory cells into the intestinal mucosa, upregulate the 
expression of adhesion molecules on both submucosal capillary endothelial cells 
and circulating leukocytes, and activate the production of proinflammatory cytok-
ines by cells within the intestine. 
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Chapter 25 

Mast Cell Heterogeneity and Functions in 

Mucosal Defenses and Pathogenesis 

A. Dean Befus 

Pulmonary Research Group, Department of Medicine, University of Alberta, 
Edmonton, Alberta, Canada T6G 2S2 

I. I N T R O D U C T I O N 

Mast cells are most often thought of as the major effector cells of allergic reac-
tions. They are almost ubiquitous in their distribution throughout the body and 
exhibit site-specific adaptations to their microenvironments which undoubtedly 
have important functional implications. They bear thousands of high-affinity re-
ceptors for IgE which become occupied by specific IgE antibodies, and upon reex-
posure to the sensitizing allergens they undergo anaphylactic degranulation. This 
activation leads to the rapid release of several potent mediators stored in the cyto-
plasmic granules or newly synthesized from membrane phospholipids or other 
constituents. Classical allergic reactions ensue with their cascades of inflammatory 
events and sequelae of symptoms. At mucosal surfaces, food allergy, allergic 
asthma, conjunctivitis, or rhinitis are well-known expressions of these reactions. 

However, mast cells have other functions that are less well known and are 
believed to be independent of IgE antibodies. In delayed type hypersensitivity 
reactions in mice, mast cell activation and, particularly serotonin release, is an 
important initiating factor of vascular changes and cellular infiltration (Askenase 
et ah, 1980). The numbers of mast cells increase and they become activated in 
sites of tissue injury and remodeling such as bone fractures, keloid scars, and 
fibrosis. Mast cell hyperplasia is evident in some tumors and in sites of chronic 
inflammation throughout the body. The mechanisms that control these changes, the 
nature of the signals that activate the mast cells, and the functions of the mast 
cells under these conditions are poorly known. 

In this brief review of the properties of mast cells and their functions, some 
recent advances will be highlighted and some of the more novel associations be-
tween mast cell numbers, activation, and physiologic or pathophysiologic events 
will be discussed. Such information helps provide insight into the complex biology 

341 

Essentials of Mucosal Immunology Copyright © 1996 by Academic Press, Inc. All rights of reproduction in any form reserved. 



342 A. Dean Befus 

of the cell and encourages a broad view of its physiological roles. There are many 
other recent reviews of mast cell biology to assist the reader with this intriguing 
and rapidly evolving subject (e.g., Galli, 1990; Schulman, 1993; Schwartz and 
Huff, 1993; Befus, 1995; Razin et al, 1995). 

II . M A S T C E L L ACTIVATION A N D M E D I A T O R R E L E A S E 

A. Activation 

As indicated above, mast cells can be activated in several ways, not all of which 
involve IgE-mediated mechanisms (Fig. 1). 

1. IgE-Dependent Mechanisms 
Both high- and low-affinity receptors for IgE are present on mast cells and when 
these are occupied by IgE and cross-linked by antigen, activation and mediator 
secretion occurs. The structure of the high-affinity receptor is well known and 
components of its kinase-dependent signaling have been defined (Beaven and Met-
zger, 1993). Low-affinity receptors for IgE on mast cells are less well understood, 
but include FcyRII/III (Takizawa et ah, 1992) and perhaps also CD23 (Frandji et 
al, 1993). Interestingly, both high- and low-affinity IgE receptors are glycosylated, 
and in populations of mast cells derived from the rat body cavity or intestinal 
mucosa significant molecular weight heterogeneity of the receptors exists (Swieter 
et a/., 1989). The relevance of this heterogeneity is unknown, but presumably it 
plays some role in IgE receptor function. 

2. Antigen-Specific T-Cell Factor 
In addition to the IgE ligand-receptor-mediated pathway, a distinct antigen-spe-
cific T-cell-mediated pathway exists that induces the release of serotonin in murine 
delayed-type hypersensitivity reactions (Askenase et al, 1980). This pathway, de-
spite its potential significance, has not been investigated by many laboratories. 

Stimuli iVIediators 

^ ^ ^ PREFORMED/STORED 
Allergen-lgE ^ ^ ^ ^ 1 ^ ^ Histamine 
T cell factor (antigen ^ ' ^ I ^ W i k Proteoglycans 

specific) f ^ M M ^ ^ ^ Proteinases 
Polypeptide histamine I ^SHmllm Chemotactic factors 
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cell factor, IL-8) ^^Jgj^^ PAF, Nitric oxide 
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anaphylatoxins CYTOKINES 
Cationic agents Several interleukins 

and growth factors 

FIGURE L Stimuli that activate mast cells and the spectrum of mediators produced by these cells. 
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Accordingly, its characteristics are poorly known and its molecular components 
have not been defined. Whether mast cells in all tissue sites possess this pathway, 
or whether it is restricted to cutaneous mast cells in mice remains to be estab-
lished. Its biological and clinical relevance must be determined; perhaps the patho-
physiology of several poorly understood inflammatory conditions are initiated or 
perpetuated by this pathway. 

3. Histamine-Releasing Factors (HRF) 
Another mechanism for the activation of mast cells and basophils involves a series 
of HRF derived from mononuclear cells, eosinophils, neutrophils, platelets, etc. 
(Kaplan et al, 1991). For example, activated mononuclear cells produce at least 
three types of HRF, one 8 to 10 kDa, one 15 to 17 kDa, and one 35 to 41 kDa. 
The 8- to 10-kDa form is homologous with connective tissue activating peptide II 
(CTAP-II) and its cleavage product, neutrophil activating peptide (NAP-2). Other 
authors have shown that NAP-1, now recognized as IL-8, also acts as a low-
molecular-weight HRF. The molecular identity of the 15 to 17 factor appears to 
be monocyte chemotactic and activating factor (Kuna et al, 1992), whereas that 
of the 35- to 41-kDa HRF remains to be determined. 

Neutrophils produce cationic peptides that have HRF activity (White et al, 
1988). This activity is constitutively produced, heat stable, and <5 kDa. Of the 
cationic peptides produced by neutrophils, defensins or corticostatins have been 
extensively studied because of their antimicrobial activities (Lehrer et al, 1993). 
Interestingly, we have established that these cysteine-rich peptides are potent hista-
mine secretagogues for peritoneal mast cells from rats, but are without effect on 
intestinal mucosal mast cells from the same species. It will be intriguing to deter-
mine if the close relatives of defensins, namely the cryptdins found selectively in 
Paneth cells at the base of the intestinal crypts (Eisenhauer et al, 1992), will 
activate the intestinal mucosal mast cells, but be without effects on histamine 
secretion from peritoneal mast cells. Such an observation would be consistent with 
the evolving model of mast cell heterogeneity which suggestions that site-specific 
pathways of activation exist. 

4. Neuropeptides, Microbial Toxins 
Other cationic moieties that induce histamine secretion from at least some mast 
cell populations include neuropeptides such as substance P, somatostatin, vaso-
active intestinal polypeptide, and endorphins (e.g., Shanahan et al, 1985). Until 
recently the amounts of neuropeptide used to study mast cell activation were con-
sidered by many to be nonphysiological (/xM levels needed to induce histamine 
secretion). However, work by Janiszewski et al. (1994) studying ion channels in 
mast cells showed significant effects at nM levels of the neuropeptide substance P. 
The biological significance of this mode of mast cell activation is incompletely 
known, but the close anatomical association of mast cells and nerves (Stead et al, 
1987), exciting examples of classical Pavlovian conditioning of mast cell secretion 
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(MacQueen et al, 1989), and in vivo models of wheal and flare reactions (Kieman, 
1975) or enteritis induced by Clostridium difficile toxin A (Castagliuolo et al, 
1994; Kurose et al, 1994; Pothoulakis et al, 1994; see below) suggest that this 
may be a prominent pathway of mast cell activation. 

Until recently mast cell activation was not often considered to be important in 
bacterial, or even viral, infections, because elevations in mast cell numbers or in 
IgE levels were not associated with these infections. This emphasizes the disser-
vice that the focus on IgE has given the field of mast cell biology. However, one 
can be optimistic that the recent literature will diversify the approaches taken to 
elucidate the functional roles of mast cells. 

5. Other Cationic Agents 
The list of other cationic agents that activate some mast cell populations is exten-
sive, including: compound 48/80, bee venom peptides 401 and mastoparan, poly ly-
sine, polymyxin, and complement cleavage products such as C3a (Befus, 1995). 
Even proteolytic breakdown of food proteins such as albumin can release peptides 
with mast cell secretagogue activity apparently independent of IgE antibodies 
(Carraway et al, 1989). Thus, it is evident that the activation of mast cells can be 
initiated by several factors of diverse origin. Unravelling the biological signifi-
cance of these modes of activation will make major contributions to our under-
standing of mast cell biology. 

B. Mediators 

Mast cells construct and secrete a plethora of mediators that fall into categories of 
being preformed and stored in the granules, or being newly synthesized following 
activation (Fig. 1). Only a select few of these mediators will be discussed here; 
other reviews have a comprehensive coverage of the full spectrum of mediators 
(e.g., Schwartz and Huff, 1993). 

1. Histamine 
Histamine is a well-known mediator stored in mast cell granules. When mast cells 
are activated it is secreted into the surrounding environment, but has a short half-
life in the circulation. Histamine stores in the mast cell are replenished, most 
probably by regranulation of existing mast cells and/or development of mast cells 
from their progenitors (Miller, 1971; Dvorak et al, 1986). 

2. Proteinases 
Although they have not had as high a profile in the literature as biogenic amines, 
several different proteinases are stored in granules and released following mast 
cell activation (Schwartz, 1990; Caughey, 1995). These proteinases are abundant, 
in some mast cells representing at least 50% of the cellular protein (Abe et al, 
1990). Both chymase- and tryptase-like serine proteinases, as well as carboxypep-
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tidase-like metalloproteinases, are widespread in mast cells from the body cavity, 
skin, and lungs of mice, rats, and humans. However, marked heterogeneity in 
proteinase expression in mast cells has been identified in each of these species. In 
rodents mast cells from the peritoneum express multiple differentially glycosylated 
forms of the chymases, rat proteinase 1 (analogous to mouse proteinase 4) and 5, 
and carboxypeptidase A and small amounts of tryptase (Befus et ah, 1995). By 
contrast, intestinal mucosal mast cells express only the chymase, rat proteinase 2 
(Befus et al, 1995). In mice a similar pattern appears to exist (Newlands et ah, 
1993; Caughey, 1995), although at least five distinct types of chymase have been 
described, all closely linked to T-cell granzyme genes on murine chromosome 14 
(Gurish et al, 1993). Two of these are selectively expressed in mucosal mast cells 
(mouse proteinases 1 and 2). In addition, two mast cell tryptases have been de-
scribed in mice (Caughey, 1995). The expression of these distinct chymases in 
murine mast cells is regulated by several cytokines, including IL-3, IL-4, IL-10, 
and stem cell factor (e.g., Eklund et al, 1993). 

Mast cells from humans also express chymases, tryptases, and carboxypeptidase 
(Caughey, 1995). A single chymase gene has been identified in humans, but four 
tryptase genes have been found. Interestingly, mast cells found in greatest abun-
dance at mucosal sites in humans express tryptase, but not chymase, a marked 
contrast to observations in rodents (Schwartz, 1990). The functions of these vari-
ous mast-cell-specific enzymes is incompletely known, but reports include: fibro-
blast activation (Ruoss et al, 1991), smooth muscle contraction (Sekizawa et al, 
1989), submucosal gland secretion in the respiratory tract (Sommerhoff et al, 
1989), neuropeptide degradation (Tam and Caughey, 1990), protein processing 
(Mizutani et al, 1991), and extracellular matrix degradation (Banovac et al, 
1993). As selective inhibitors of the expression or functions of these proteinases 
are developed, important new knowledge of mast cell function will be uncovered. 

3. Cytokines 
In the late 1980s it first was recognized that mast cells produce several cytokines 
such as tumor necrosis factor-a (TNFa) (e.g.. Young et al, 1987). Since these 
initial observations, the number of cytokines that have been identified in mast 
cells, at the level of either functional protein or mRNA, has grown rapidly. There 
are few cytokines that have not been identified in in v/v6>-derived mast cells or at 
least in mast cell lines in rodents or humans (Fig. 2). A critical question is whether 
mast cells are an important source of these cytokines in vivo or whether many of 
the observations merely reflect cultural artifact or mRNA without protein produc-
tion. Some cytokines are constitutively produced in some mast cell populations 
and stored in the granules, whereas the expression of other cytokines must be 
induced by selected stimuli. For example, TNFa is abundant in rat and mouse 
peritoneal mast cells (e.g., 404 pg/10^ rat mast cells), but rat intestinal mucosal 
mast cells store about 17% of this amount (68 pg/10^ mast cells) (Bissonnette et 
al, 1995a). However, activated intestinal mucosal mast cells are induced to pro-
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FIGURE 2. Cytokines identified in mast cells, either as the protein or biological activity or as mRNA. 
Abbreviations: IL, interleukins; LIF, leukemia inhibitory factor; TGF, transforming growth factor; TNF, 
tumor necrosis factor; GM-CSF, granulocyte monocyte colony-stimulating factor; IFN, interferon; MIP, 
monocyte inhibitory peptide; TCA, T-cell activation gene. 

duce up to 90% of the TNFa cytotoxicity of peritoneal mast cells. Similarly, hu-
man skin mast cells store little TNFa, but can rapidly synthesize it once activated 
(Benyon et al, 1991). Bradding et al (1995) have provided additional evidence 
that mast cells are heterogeneous in their cytokine content. Their investigations 
demonstrated that mast cells from human skin that express both chymase and 
tryptase are largely positive for IL-4, IL-5, and IL-6, whereas only a low propor-
tion (15%) of mast cells that express tryptase only express IL-4. Williams and 
Coleman (1995) recently showed that activation of rat peritoneal mast cells with 
anti-IgE antibodies for 4 hr induced expression of IL-5, IL-6, TNFa, MIP-2, and 
IFNy. Cyclosporine A and dexamethasone inhibited this gene expression. 

One of the intriguing observations from this rapidly evolving work is that mast 
cells are capable of expressing cytokines that fall into both the so-called Thl and 
Th2 patterns associated in the extreme with distinct types of immune and inflam-
matory responses (Mosmann and Coffman, 1989). This is perhaps not surprising 
as the Thl/Th2 distinction is often unclear in T cells as well (Kelso, 1995). How-
ever, it will be important to determine if the same mast cell can express several 
cytokines and if these cytokines fall into the extreme categories associated with 
both Thl and Th2 immune responses (e.g., IL-4 and IFNy), or with only one of 
these types of responses (e.g., Th2, IL-4, and IL-5). If the same mast cell expresses 
both IL-4 and IFNy, are these stored in the same compartment in the cell and 
capable of being released together, or is their release differentially controlled 
through distinct storage compartments or secretion mechanisms? There is certainly 
precedent for differential control of mediator secretion, e.g., histamine and TNFa 
release (e.g., Bissonnette et al, 1995a) and TNFa and IL-6 release (Leal-Berumen 
et aU 1995). 

Perhaps the most important question about mast cell cytokines relates to their 
role in health and disease. When is mast-cell-derived IL-4 or TNFa the most 
abundant source of these cytokines, and when is it the most relevant source? Dou-
ble-labeling approaches have shown that in bronchial biopsies from individuals 
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with asthma, mast cells are a major source of IL-4, IL-5, IL-6, and TNFa (Brad-
ding et al, 1994). Additional studies are required to establish that mast-cell-de-
rived cytokines are highly relevant sources in several settings. Indeed, it has been 
postulated that sources of cytokines such as the mast cell may produce the initial 
pulse of a cytokine during a natural immune response that subsequently directs the 
acquired immune response (Romagnani, 1992; e.g., IL-4 directs Th2-type allergic 
responses). This may be especially true where the mast cell expresses a cytokine 
constitutively. Lastly, it is important to recognize that these types of questions are 
not restricted to considerations of mast cell biology, but apply equally to other cell 
types as well. For example, eosinophils produce a similar plethora of cytokines 
and are undoubtedly an important source in several settings (Moqbel, 1996). 

I I I . R E G U L A T I O N O F C Y T O K I N E P R O D U C T I O N 

AND S E C R E T I O N 

There is a wealth of literature about the inhibition of histamine secretion and 
production of arachidonic acid metabolites by mast cells. Much of this involves 
anti-allergic and anti-inflammatory drugs. However, until recently there has been 
little information about the regulation of cytokine production in mast cells and 
about the role of cytokines in regulating mast cell secretion and functions. 

A. Cytokines 

Stem cell factor is an important growth and differentiation factor for mast cells 
(Galli et al, 1994). In addition, it is a powerful secretagogue for human mast cells 
and potentiates antigen-induced histamine secretion and arachidonic acid produc-
tion from mast cells of several species. Interestingly, we have recently shown that 
with rat peritoneal mast cells stem cell factor does not alter the antigen-induced 
release of TNFa (Lin et al, 1996). The pathways involved in this differential 
regulation of mast cell mediators by stem cell factor are unknown, but given in-
creasing evidence that stem cell factor is involved in allergic reactions such as 
asthma (Undem et ah, 1994), understanding of these pathways will be important. 
Whether or not the lack of effect of stem cell factor on TNFa release is true also 
for all mast cell cytokines must be determined. 

By contrast to stem cell factor, other cytokines inhibit the release of cytokines 
by mast cells or the steady state levels of cytokine mRNA in mast cells (Fig. 3). 
For example, interferons (IFN) a, j8, and y inhibit both histamine and TNFa secre-
tion from rat peritoneal mast cells (Bissonnette et al, 1995a). IL-10 behaves dif-
ferently, inhibiting antigen-induced TNFa production, but stimulating antigen-in-
duced histamine release (Lin et al, 1996). Marshall and co-workers showed that 
LPS stimulates IL-6 production by mast cells, but inhibits TNFa production (Leal-
Berumen et al, 1995). The complexity of the regulatory relationships among cy-
tokines and mast cell mediators worsens when other mast cell populations, even 
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FIGURE 3. Inhibition of tumor necrosis factor-o: production and secretion, and its steady-state mRNA 
levels in mast cells, by cytokines. Abbreviations: legend to see Fig. 2; PGE2, prostaglandin E2. 

in the rat, are considered. For example, although interferons inhibit TNFa by both 
rat peritoneal and mucosal mast cells, and inhibit histamine release from peritoneal 
mast cells, they do not inhibit histamine release from intestinal mucosal mast cells 
(Bissonnette et al, 1995a). This emphasizes the distinctions between mast cell 
types and the differential regulation of their mediators. 

B. Anti-allergic and Anti-inflammatory Drugs 

Several drugs used to treat allergic and other inflammatory conditions inhibit the 
release of TNFa from mast cells or its steady state levels of mRNA (Fig. 4). 
Disodium cromoglycate (SCG) and nedocromil sodium (NED) are widely used 
anti-allergic drugs, but whether their principle mode of action is through inhibition 
of histamine release or of cytokine release is unclear. Moreover, these drugs act in 
an analogous fashion to IFN7 on histamine and TNFa release from rat peritoneal 
and mucosal mast cells, inhibiting both from peritoneal cells, but inhibiting only 
TNFa and not histamine from mucosal mast cells (Bissonnette et al, 1995b). In 
contrast to SCG and NED, which only partially inhibit TNFa release, sulfasalazine 
and its metabolites, as well as ^2 agonists, can almost completely inhibit TNFa 
release from mast cells (Bissonnette et al, 1996; E. Y. Bissonnette and A. D. 
Befus, unpubHshed). One of the important actions of corticosteroids in the treat-
ment of allergic disease is thought to be regulation of cytokine production in mast 
cells (Wershil et al, 1995; WilHams and Coleman, 1995). 

IV. M A S T C E L L H E T E R O G E N E I T Y 

It has been well known for many years that mast cells exhibit marked heterogene-
ity both within and between species. Two principal subtypes have been identified, 
namely connective tissue and mucosal mast cells. However, mast cell heterogene-
ity is more complex than just two subtypes, as each cell is unique in both time 
and space as compared to any other cell; the reasons for distinctions within and 
between mast cell populations may relate to many factors such as phases of ontog-
eny, activation, and recovery. Although space restrictions prohibit a comprehensive 
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FIGURE 4, Inhibition of tumor necrosis factor-a production and secretion, and its steady state mRNA 
levels in mast cells, by anti-allergic and anti-inflammatory drugs. Abbreviations: NED, nedocromil 
sodium; SCG, sodium cromoglycate. 

review of this intriguing subject, several examples of such heterogeneity have 
been provided above. 

For example, IgE receptors in rat peritoneal and mucosal mast cells exhibit 
heterogeneity in their size, presumably as a result of glycosylation differences 
(Swieter et al, 1989). Some secretagogues activate peritoneal mast cells, but not 
mucosal mast cells (e.g., defensins, neuropeptides, and other cationic moieties). 
Proteinase composition differs markedly between rodent connective tissue (perito-
neal) and mucosal mast cells, and chymase and tryptase content is used to distin-
guish human mast cell types (e.g., Caughey, 1995). Cytokine content varies among 
mast cell populations and in humans it may correlate with the proteinase pheno-
type (Bradding et al, 1995). Lastly, the regulation of cytokine production in rat 
mast cells correlates with the mast cell subtypes involved (e.g., Bissonnette et al, 
1995a,b). Further information about mast cell heterogeneity is essential before we 
will fully appreciate its functional significance and the underlying cellular and 
molecular mechanisms. 

V. O N T O G E N Y 

Mast cells develop from multipotent stem cells in the bone marrow. Through a 
series of incompletely understood processes mast cell progenitors arise from the 
stem cells and ultimately differentiate into phenotypically distinct mast cell sub-
types (Schwartz and Huff, 1993; Befus, 1995). A current model of the develop-
mental regulation of mast cell heterogeneity is that a widely distributed common 
progenitor is instructed by microenvironmental signals to express selected compo-
nents of its mast cell potential. Moreover, the mast cell phenotype initially ex-
pressed is not irreversibly fixed, and given a different set of microenvironmental 
signals, clonal populations of mast cells can transdifferentiate from one phenotype 
to another (see GalH, 1990; Befus, 1995). Stem cell factor, IL-3, IL-4, IL-9, IL-
10, IFNy, and transforming growth factor-j8 are among the factors involved in the 
developmental regulation of mast cell subtypes. 

The extent to which programmed cell death or apoptosis regulates the numbers 



3 5 0 A. Dean Befus 

or types of mast cell populations in tissues is unknown. However, IL-3 and stem 
cell factor enhance survival of mast cells (Mekori et al, 1993), whereas treatment 
with systemic corticosteroids leads to the selective depletion of mucosal mast cells 
in rats (King et al, 1985), apparently by a process of apoptosis and macrophage 
engulfment (Soda et al, 1991). Further understanding of these processes may un-
cover novel therapeutic strategies for the treatment of mast-cell-dependent in-
flammatory responses. 

VI. F U N C T I O N S 

Given the cornucopia of mediators and their respective target cells, together with 
the diversity of activation signals, it is not surprising that mast cells exhibit a 
wealth of functional activities. Not all of these are obviously linked to IgE-medi-
ated allergic or inflammatory reactions. Nevertheless, IgE-mediated reactions are 
a pivotal component of mast cell activation and function. Both immediate and 
late-phase reactions involve mast cell mediators, although the precise roles of mast 
cells in the late reaction are unclear. It may be that TNFa released from mast cells 
is a critical component in the generation of the late reaction in asthma. Similarly, 
although there is strong evidence in the mouse that mast cells are an integral part 
of a classical delayed-type hypersensitivity response (Askenase et al 1980), the 
roles of mediators other than serotonin in this response are unknown. 

The work of Gauchet et al (1993) uncovered a novel aspect of the relationship 
between mast cells and IgE, namely that mast cells may be able to replace T cells 
in the induction of IgE synthesis by B lymphocytes. Because both mast cells and 
basophils bear CD40 ligand on their surface and contain IL-4, they can induce IgE 
synthesis by ligation of CD40 on the B cells and the provision of IL-4 for IgE 
production. Interestingly, mast cells have also been shown recently to produce IL-
13 (Burd et al 1995; Lin et al, 1996), a cytokine that can mimic IL-4 function in 
IgE synthesis. The relationship between these observations about mast cells and 
IgE synthesis and earlier observations by Mayrhofer et al (1976) that mast cells 
store IgE in their cytoplasm is unclear. However, it might be productive to further 
investigate the role of mast cells in IgE synthesis, storage, and catabolism. 

A curious observation made in recent years is the close association between 
mast cell activation, as evidenced by mast cell proteinase 2 in the serum, and 
weaning in newborn rats. Serum levels of proteinase 2 peak Day 22 after birth 
and are thus temporally associated with weaning and intestinal closure (Cummins 
et al, 1989). Cyclosporine A inhibits this rise, an observation interpreted by some 
as suggesting T-cell involvement in mast cell activation (Cummins et al, 1989). 
Substance P does not appear to be involved, as its depletion with capsaicin has no 
effect on the changes in the proteinase levels (Cummins et al, 1994). The role of 
mast cell activation in weaning and the nature of the stimulus responsible are 
unknown. It could be that there is an inflammatory component in weaning, or that 
the high serum levels of proteinase 2 reflect an immaturity in the regulatory con-
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trol of mucosal mast cells at this early phase in their development and has no 
physiologic consequence. Toxin A of C. difficile induces intestinal inflammation in 
a mast-cell-dependent manner that appears to be independent of IgE (Castagliuolo 
et al, 1994; Kurose et al, 1994). Histamine is an important mediator in this 
inflammation, and it appears that neuronal mechanisms are central to the activation 
of the mast cell (Castagliuolo et al, 1994; Pothoulakis et al, 1994). This is per-
haps the most clear example of mast cell activation at a mucosal surface by a 
neurogenic mechanism. The extent to which this pathway is relevant in human 
disease is unknown, but it serves as an important example of non-IgE activation 
of mast cells. 

The mast-cell-deficient mouse strains WAV^ (mutation in the receptor for stem 
cell factor, c-kit) and Sl/Sl^ (mutation in stem cell factor) have proven to be excel-
lent tools with which to study mast cell functions (Galli, 1990). The former can 
be reconstituted systemically with normal bone marrow, or locally by injection of 
mast cells. These models have been used to show the mast cell dependency of 
peritonitis (Zhang et al, 1992), the role of substance P in mast-cell-dependent 
neutrophil accumulation in skin (Yano et al, 1989), and the dependency of ana-
phylaxis on mast cells (Galli, 1990; Zhang et al, 1992). Several other studies 
using these models have suggested that mast cells have diverse functions. 

These murine models will continue to provide valuable information about mast 
cell functions and, when combined with transgenic or knockout manipulations of 
murine genotype, promise to be increasingly powerful experimental tools. In addi-
tion, human studies which employ in situ assessments of mast cell contents, acti-
vation, and function will be essential to unravel the mysteries of the roles of the 
mast cell in health and disease. 
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I. I N T R O D U C T I O N 

Rapid progress has been made concerning the etiology and pathogenesis of 
chronic hepatitis. Three major hepatitis viruses have been identified as agents re-
sponsible for the induction of chronic hepatitis, i.e., hepatitis B, C, and D virus 
(Table I) (1). Furthermore the "syndrome" of autoimmune hepatitis which usually 
runs a chronic course has been defined more precisely (2), partly because of a 
molecular definition and analysis of hepatocellular autoantigens. Numerous auto-
antibodies have been described in liver diseases. This chapter summarizes the 
present knowledge of hepatocellular autoantigens as far as they are recognized by 
circulating autoantibodies and may be relevant as diagnostic markers, scientific 
tools, or candidates to be involved in pathogenesis. Some autoantibodies have 
clinical relevance since they are useful markers to differentiate subgroups of 
chronic hepatitis of presumed different etiology (1-5). Since we now not only 
diagnose but also treat some forms of chronic hepatitis according to specific etio-
logical diagnoses, some of these autoantibodies are useful to distinguish autoim-
mune hepatitis from chronic viral hepatitis. This is important since autoimmune 
hepatitis benefits from immunosuppression while interferons which are given to 
patients with chronic viral hepatitis may cause deterioration (6). 

II . M E T H O D O L O G I C A L A P P R O A C H T O I D E N T I F Y 

H E P A T O C E L L U L A R A U T O A N T I G E N S 

The first hint that immune mechanisms may play a significant role in liver diseases 
comes from the observation that a particular group of young women with hyper-
gammaglobulinemia responds well to corticosteroids. This syndrome was later 
found to be associated with autoantibodies to nuclear antigens (ANA) (7). In viral 
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TABLE I 

CLASSIFICATION O F CHRONIC HEPATITIS ON THE BASIS O F ETIOLOGY 

Hepatitis type 
HDV antibody HCV antibody 

HBsAg HBVDNA (HDV RNA) (HCV RNA) Autoantibodies 

B 
D 
C 
Autoimmune 

Typel 
Type 2 
Type 3 

Drug-induced 

Cryptogenic 

+ 
+ 
-

-
-
-
— 

-

10-20% anti-LKM-3 
2-10% anti-LKM-1 (*) 

ANA 
LKM-1 
SLA/LP 
Some: ANA, LKM, 

LM 

hepatitis clinicians observed that patients with a deficient immune system produce 
high amounts of virus in their hver although biochemical and histological liver 
tissue damage was often marginal. This led to the assumption that the immune 
system and not the hepatitis B virus is mediating hepatocellular injury. Reactions 
against the patient's own Hver had already been discussed at a very early stage, 
and tissue-infiltrating T lymphocytes viewed as primary candidates in liver cell 
destruction. However, the targets of autoimmunity remained unknown. Interest has 
focused on the characterization of autoantibodies circulating in the patients' blood. 
Of particular interest are autoantibodies that are specifically associated with liver 
diseases or that are directed against liver membrane constituents. However, most 
autoantibodies recognize intracellular antigens; as in other autoimmune diseases 
an important question is whether these intacellular antigens or parts of them (i.e., 
autoepitopes) are expressed on the cell surface and thus become targets for T-
lymphocyte- or autoantibody-mediated cytotoxicity. 

As in all fields of biological science, progress depends on methodological de-
velopments. Tools of molecular biology facilitated an identification and molecular 
analysis of hepatocellular autoantigens. First autoantibodies were determined by 
indirect techniques such as the LE (lupus erythematosus) cell phenomenon, then 
by complement fixation test to detect ANA. In the 1960s indirect immunofluores-
cence became a great advantage since this technique enabled investigators to local-
ize the antigen to subcompartments of the cell, such as the nucleus, mitochondria, 
and cytoplasm. Further significant progress resulted from the advent of immu-
noblotting techniques in the mid 1980s. Mitochondrial and microsomal autoanti-
gens became identified according to their appropriate molecular weight. The most 
recent development has been the application of molecular cloning. An increasing 
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number of hepatocellular autoantigens have been identified after screening human 
liver cDNA libraries with human serum. These sera used for library screening 
have to be well characterized in terms of their monospecific reactivity to protein 
bands in immunoblotting (Western blotting). Isolation and sequencing of the 
cDNAs encoding these proteins facilitated the production of recombinant human 
autoantigens which are useful for epitope mapping and developing assays for auto-
antibody testing. Furthermore recombinant antigens may be used to evaluate the 
antigen specificity of liver-derived T lymphocytes. Finally, isolated cDNAs facili-
tate investigations of the antigen's role in cell biology. 

In principal there are two different approaches to identify hepatocellular autoan-
tigens. In one approach, a particular antigen, already identified in another autoim-
mune disease or previously identified in an animal model, is purified biochemi-
cally and used in an assay for circulating autoantibody reactivity in patient sera. A 
different approach starts with the patients' serum, which is tested for reactivity 
toward autologous liver tissue. This second approach permits recognition of sig-
nificant autoantibody reactivity, characterization of antibody titer and avidity, and 
identification of tissue autoantigens. 

III . A U T O A N T I G E N S O F T H E H E P A T O C E L L U L A R M E M B R A N E 

Antibodies against the liver plasma cell membrane are primary candidates to iden-
tify pathogenetically relevant autoantibodies. They may mediate liver cell damage 
by immunological mechanisms such as antibody-dependent cell-mediated cytotox-
icity (ADCC). Another possibility would be that these antibodies identify struc-
tures expressed on the liver cell membrane that may be targets of cell-mediated 
immunity, in particular by cytotoxic T lymphocytes. In 1972, Meyer zum BUschen-
felde and Miescher (8) prepared a crude antigen fraction from liver homogenate 
and identified a liver-specific component by heterologous antisera. McFarlane et 
al (9) further purified this fraction and called it "liver specific lipoprotein (LSP)." 
The term "LSP" was misleading for such a crude fraction containing numerous 
proteins. McFarlane et al (10) empirically identified the asialoglycoprotein recep-
tor (ASGPR) as a liver-specific membrane-derived constituent of LSP. McFarlane 
et al. described increased titers for the anti ASGPR antibodies in patients with 
liver diseases. The occurrence of anti ASGPR antibodies is closely associated with 
autoimmune liver diseases although they may also be found in viral hepatitis (11). 
Results differ slightly depending on whether rodent or human tissue is used for 
antigen preparation. However, one has to consider that affinity-purified receptor 
protein is nonspecifically bound to ELISA plates. One would like to see other 
purified liver plasma cell membrane as constituents for control. The accumulated 
data on antiASGPR autoantibodies may be summarized as follows: anti-ASGPR 
occur in inflammatory liver diseases, and antibodies to human ASGPR seem to be 
rather specific for autoimmune hepatitis and primary biliary cirrhosis. Their titers 
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decline if immunosuppressive therapy is effective. If they occur in viral hepatitis 
they decHne in titer if interferon is effective. T lymphocytes of the CD4-positive 
T helper cell phenotype have been cloned from liver tissue that specifically prolif-
erate in the presence of purified ASGPR. It was shown that these CD4-positive 
cells give help to peripheral blood lymphocytes to produce anti-ASGPR antibodies 
in vitro. ASGPR receptors are predominantly expressed on periportal hepatocytes, 
i.e., where the histological lesion of piecemeal necrosis is found. Recombinant 
ASGPR could not be used to map B-cell epitopes. However, the major epitope 
could be locaHzed close to glycosylated areas of the ASGPR molecule (11). The 
roles of other membrane receptors remain to be analyzed as targets of autoimmu-
nity. 

IV. N U C L E A R AuTOANTiGENS 

Antinuclear antibodies (ANA) have been known for almost three decades to occur 
in chronic hepatitis. However, compared to the tremendous progress that has been 
achieved in the molecular analysis of ANA and their antigens in rheumatological 
diseases, basic data on ANA in liver disease are very limited. It is known that 
ANA in liver diseases are heterogeneous and that most of the specificities found 
in rheumatological disorders are also found in autoimmune hepatitis. This includes 
anti-DNA antibodies. Basic work is still necessary and modem molecular biologi-
cal tools must be applied to determine whether a Hver-specific nuclear antigen or 
an ANA associated with a particular liver disease exists. Recently, antibodies to a 
nuclear transcription factor, SPIOO, gained some attention (12). These antibodies 
were first identified by Western blotting using sera from patients with Sjogren's 
syndrome. Later it became obvious that the anti-SPlOO antibodies have a particu-
larly high association with primary biliary cirrhosis. Preliminary data also demon-
strate close association with autoimmune hepatitis (12, 13). 

Recently, our laboratory identified cycHn A as a major nuclear autoantigen in 
autoimmune liver diseases (14). We addressed this question since a nuclear antigen 
in systemic lupus erythematosus, i.e., proliferating cell nuclear antigen (PCNA) 
was previously called cycHn (15). It is now known to be an auxilliary protein for 
DNA polymerase delta. It is used as a marker for cell proHferation and it is highly 
expressed in regenerating liver tissue and in hepatocellular carcinoma. Further-
more, hepatitis B virus sequences were shown to be integrated into the cyclin A 
gene in a patient with hepatitis B-associated hepatocellular carcinoma (16). 

Our data show that recombinant cyclin A is a major nuclear antigen in autoim-
mune fiver diseases, i.e., autoimmune hepatitis and primary biliary cirrhosis. Fu-
ture experiments are needed to investigate the membrane expression of cyclin A 
epitopes, the effect of anti-cyclin A antibodies on the antigen's function, the map-
ping of the B-cell epitope, and the evaluation of a potential T-cell response. It is 
also necessary to search for liver-specific nuclear antigens or ANA specificity asso-
ciated with liver disease. Western blot experiments with nuclear cell extracts have 
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to be performed to identify major nuclear autoantigens in liver diseases. Sera with 
high titers to these antigens should be used for screening human liver cDNA li-
braries. 

V. M I C R O S O M A L A U T O A N T I G E N S 

In 1973 Rizzetto et al (17) described autoantibodies by indirect immunofluores-
cence that stained the cytoplasma of liver and kidney tissue. Since the staining 
pattern was different from that of antimitochondrial antibodies and since in a com-
plement fixation assay highest reactivity was seen with the microsomal fraction, 
these autoantibodies were termed "liver-kidney-microsomal antibodies." These 
antibodies were found to be associated with a particular subgroup of chronic hepa-
titis, also called autoimmune hepatitis type 2 (4) (Table II). These LKM-1 antibod-
ies associated with autoimmune hepatitis type 2 had to be distinguished from 
LKM-2 antibodies which are associated with a particular drug-induced hepatitis 
caused by the diuretic drug tienilic acid (or ticrynafen) (18) (Table I). Ticrynafen 
was used in France and the United States and has now been withdrawn from the 
market. LKM-3 antibodies were identified by indirect immunofluorescence in a 
proportion of patients with chronic hepatitis D (19) (Table II). Further differentia-
tion of autoantibody reactivity toward microsomal antigens was achieved with 
molecular techniques which will be described below. Recently a rare antimicro-
somal autoantibody was observed in a dihydralazine-induced hepatitis and autoim-
mune hepatitis of children that predominantly stains the perivenous hepatocytes. 
Since the antibodies exclusively stain liver tissue they were termed liver-micro-
somal (LM) antibodies. Untill now the application of molecular biological tech-
niques has permitted molecular characterization of most but not all of these micro-
somal antigens (Table II). 

TABLE II 

HETEROGENEITY O F MICROSOMAL AUTOANTIGENS 

Antibody 

LKM-1 

LKM-2 
LKM-3 

LM 

kDa 

50 

50 
55 

52 

57 
59 
59 
64 
70 

Target antigen 

Cytochrome P450 2D6 

Cytochrome P450 2C9 
Family 1 UGT 
Family 2 UGT 
Cytochrome P450 1A2 

Disulfide isomerase 
Carboxylesterase 

7 
? 
? 

Disease association 

Autoimmune hepatitis type 2 
(hepatitis C) 

Ticrynafen-induced hepatitis 
Chronic hepatitis D 
(Autoimmune hepatitis type 2) 
Dihydralazine-induced hepatitis, 

autoimmune hepatitis, APS-1 
Halothane-hepatitis 
Halothane-hepatitis 
Chronic hepatitis C 
Autoimmune hepatitis 
Chronic hepatitis C 
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VI. C Y T O C H R O M E P450 IID6: A N T I G E N O F L I V E R - K I D N E Y -

MiCROSOMAL A N T I B O D I E S T Y P E 1 (LKM-1) 

LKM-1 antibodies were identified and characterized by indirect immunofluores-
cence and complement fixation assay (17). Immunoblotting techniques showed 
that the major antigen was a protein of 50 kDa (20, 21). However, additional 
minor antigen bands were recognized by Western blot using human microsomes 
and sera from patients with chronic hepatitis (22, 23). Screening of human Hver 
cDNA libraries and immunopurification led to the identification of human cyto-
chrome P450 IID6 as the major 50-kDa microsomal LKM-1 antigen (22, 24, 25). 
This was confirmed by inhibition of enzyme function and affinity purification of 
human LKM-1 autoantibodies from recombinant cytochrome P450 IID6. Cyto-
chrome P450 IID6 is a drug-metabolizing enzyme responsible for the metabolism 
of several classes of agents in man, including j8-blockers, antiarhythmic drugs, 
and antidepressent drugs. Endogenous substrates are unknown. This enzyme is 
known for its profound genetic polymorphism. At least eight deficient alleles have 
been described (26). Up to 10% of the normal white population is deficient for 
drug metabolism mediated by P450 IID6, due to deficient alleles and consequent 
lack of expression of P450 IID6 protein in the liver. The molecular basis of this 
genetic polymorphism has been elucidated (26). 

VII. LKM-1 A U T O A N T I B O D I E S I N H I B I T C Y T O C H R O M E P450 
IID6 F U N C T I O N IN VITRO B U T N O T IN VIVO 

Zanger et al (24) have shown that sera from patients with LKM-1 autoantibodies 
inhibit the hydroxylation of bufuralol in isolated human liver microsomes. Later 
this was shown for sparteine metabolism (27). It can be concluded from these 
experiments that LKM-1 autoantibodies react with the active site of the enzyme 
and that obviously an expression of the P450 protein in the liver is a prerequisite 
for the induction of LKM-1 autoantibodies. The capacity of cytochrome P450 
IID6-mediated drug metabolism in isolated microsomes correlates with the amount 
of P450 IID6 protein in these microsomes, as evidenced by Western blot analysis 
(24, 26). While bufuralol is an experimental j8-blocker, the antiarhythmic drug 
sparteine can be used to measure the patients' phenotype for P450 IID6-mediated 
drug metabolism in vivo. This means that for the first time the function of an 
autoantigen could be measured in vivo (27). In their study the in vivo phenotype 
was evaluated at the time of a liver biopsy which had been obtained for diagnostic 
purposes. The P450 IID6 content was measured semiquantiatively by Western 
blotting (27). All of the more than 50 patients tested so far are extensive metabo-
lizers for drug metabolism mediated by P450 IID6, and a poor metabolizer has 
not been found (unpubHshed data). Molecular studies have confirmed that poor 
metabolizers carry two of the defective alleles, resulting in a lack of P450 IID6 
protein expression in the patients' liver, whereas the patients studied so far usually 
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carry one defective and one wild-type allele (unpublished data). Because P450 II 
D6 activity remains in patients with anti-LKM-1 autoantibodies, it can be con-
cluded that antibodies do not penetrate the intact liver cell membrane sufficiently 
to inhibit enzyme function in vivo. Similar studies, which evaluate the effect of an 
autoantibody on its autoantigen's function in vivo have not been performed for 
any other autoantigen to date. 

VIII. C Y T O C H R O M E P450 IID6 M A Y B E E X P R E S S E D O N T H E 

H E P A T O C E L L U L A R M E M B R A N E 

For many years expression on the plasma membrane was postulated to be crucial 
for an antigen's involvement in inmiunopathogenesis. Several years ago Lenzi et 
al. (28) demonstrated staining of LKM positive serum from patients with chronic 
hepatitis on the surface of rabbit hepatotcytes. After the identification of cyto-
chrome P450 enzymes as targets of LKM-antibodies, this question was addressed 
again by Loeper et al (29, 30). This group of investigators has presented data that 
support a plasma membrane expression of cytochrome P450 enzymes, among 
them cytochrome P450 IID6. These authors used isolated rat and human hepato-
cytes as well as isolated plasma membrane fractions. Indirect immunofluorescence, 
Western blotting, and immunoelectron microscopy with either patient serum or 
murine monoclonal antibodies were employed. Others, including our own group, 
were unable to demonstrate surface expression of cytochrome P450 IID6 on iso-
lated viable hepatocytes using fluorescence-activated cell sorting (FACS) analysis 
or indirect immunofluorescence on hepatocytes (31, 32). Possibly the membrane 
expression of cytochrome P450 enzymes or fragments of them occur during the 
disease process mediated by inflammatory cytokines. These questions still need to 
be addressed experimentally, despite the difficulties involved. 

IX. C E L L U L A R I M M U N E R E S P O N S E T O C Y T O C H R O M E 

P450 IID6 

Since LKM-1 autoantibodies do not penetrate through the intact liver cell mem-
brane sufficiently to inhibit enzyme function in vivo, and since tissue-infiltrating T 
lymphocytes are major components of piecemeal necrosis, it was logical to search 
for antigen-specific T lymphocytes in liver tissue. Lohr et al. (33) prepared 189 T-
cell clones isolated from liver biopsies of four different patients with autoimmune 
hepatitis type 2. These T-cell clones were isolated by limiting dilution and propa-
gated in vitro by recombinant IL-2. Four of these clones proliferated specifically 
in response to human recombinant cytochrome P450 IID6. These T lymphocytes 
expressed the helper T-cell phenotype and antigen-specific proliferation was inhib-
ited by MHC class II monoclonal antibodies. In order to evaluate the pathogenetic 
significance of cellular immune reactions against cytochrome P450 IID6 it will be 
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necessary to develop an autologous cytotoxicity system. It may also be necessary 
to express the P450 IID6 gene in cultured autologous cells such as fibroblasts. 

X. C Y T O C H R O M E P450 IID6 Is R E G U L A T E D L I K E 

A N E G A T I V E A C U T E - P H A S E P R O T E I N 

Little is known about how the expression of hepatocellular autoantigens is regu-
lated. Since cytochrome P450 enzymes are markers of highly differentiated cells, 
it is understandable that P450 gene expression is absent in many hepatoma cell 
lines. Primary hepatocyte cultures often lose expression of cytochrome P450 en-
zymes early during cultivation. Specific entracellular matrix components, e.g., 
laminin, may help to maintain the expression of P450 proteins in isolated cultured 
hepatocytes (C. Trautwein et al, unpublished). Furthermore it seems necessary 
to evaluate whether cytokines, many of them synthesized locally by cells of the 
inflammatory infiltrate, modulate the expression of antigens. Initially we had 
choosen acute-phase mediators IL-1, IL-6, and TNFa (34). Administration of these 
recombinant cytokines to mice led to the pretranslational suppression of cyto-
chrome P450 IID6 expression by up to 75% at 6 hr. Very recently this observation 
was confirmed by a different experimental approach, in which recombinant cyto-
kines administered in vivo to mice diminished the metabolic ratio, i.e., the capacity 
to metaboHze P450 IID6-dependent drugs (35) in vivo. In the meantime it became 
evident that several cytochrome P450 enzymes are regulated like negative acute 
phase reactants (36). Until now no cytokine has been identified that upregulates 
the expression of P450 proteins. 

XI. G E N E T I C S O F L K M - 1 A N T I B O D Y - A S S O C I A T E D 

L I V E R D I S E A S E 

The data on genetics in liver diseases are still very Hmited. Progress has been 
made mainly in ANA-positive autoimmune hepatitis type 1 as summarized in a 
recent review (37). In whites there is a dual association of autoinmiune hepatitis 
with HLA antigens, either with HLA DR3 or HLA DR4. Patients associated with 
HLA A1-B8-DR3 haplotype are younger, have a lower age at onset, relapse after 
treatment more frequently, and require liver transplatation more often compared to 
the HLA DR4-positive individuals with this disease. In Japan autoimmune hepati-
tis type 1 is predominantly associated with HLA DR4. However, serological mark-
ers associated with this genetic background have not been identified. Furthermore 
C4A gene deletions responsible for an increase in C4A-Q0 alleles was found in 
ANA positive autoimmune hepatitis type 1 (38, 39). C4A gene deletion seems to 
be in linkage disequilibrium with the HLA A1-B8-DR3 haplotype. An increased 
frequency of C4A-Q0 alleles was found in several other diseases with a presumed 
autoimmune background (37). In some of them, an infectious etiology is either 
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discussed or already proven, such as in measle virus-induced subacute sclerosing 
panencephalitis (SSPE). Since C4 is involved in immune complex clearence and 
virus elimination this phenomenon may be involved in pathogenesis. 

The preliminary analysis by others (4, 40) and our group (41) suggests that in 
LKM-1 antibody-associated liver disease there is an association with HLA DR3 
and C4A-Q0. It is of interest whether the analysis of the genetic polymorphism of 
the autoantigen locus itself reveals an additional genetic predisposition. A PCR 
technology applying allele specific amplification enables us to address this ques-
tion. Our own data and those of others (41,42) indicate that patients with LKM-1 
autoantibodies are all extensive metabolizers, and suggest that these patients carry 
one defective and in addition one wild-type allele (41) possibly associated with 
HLA DR3 or another gene at the HLA locus. It may be hypothesized that a par-
ticular drug is metabolized by wild-type. P450 IID6 into a reactive metabolite 
or that an infection with a particular virus leads to a loss of tolerance against a 
mutant P450 IID6 through presentation of this autoantigen by a specific HLA 
allele expressed on the hepatocyte surface. Our future studies will examine this 
hypothesis. 

XII. R E L A T I O N S H I P B E T W E E N H E P A T O T R O P I C V I R U S E S 

AND C Y T O C H R O M E P450 IID6 

Depending on the geographical origin, a variable proportion of patients with 
LKM-1 antibody-associated liver disease have signs of HCV infection. More than 
90% of the patients in Japan (43) and Italy (44), about 50% in France (45) and 
Germany (46), and less than 10% in England (44) are hepatitis C antibody (anti-
HCV) positive and the majority of them are also HCV RNA-positive. The involve-
ment of HCV in immunopathogenesis is also supported by the observation that 
anti-GOR, an antibody to a HCV-associated nuclear antigen, is found only in pa-
tients with markers of hepatitis C virus infection. Interestingly the two LKM-1 
antibody-associated patient populations differ clinically (45, 46). The HCV-nega-
tive patients are young, female predominance is striking, inflammatory activity is 
high, and response to immunosuppression is good. They represent genuine autoim-
mune hepatitis type 2. In contrast, the HCV-positive patients resemble chronic 
hepatitis C. Age at onset is above 40 years, inflammatory activity is low, response 
to corticosteroids is not convincing, and a majority of these patients do not require 
treatment since disease activity is low (46). 

Recently there has been a debate whether anti-LKM-1 antibodies in HCV-posi-
tive autoimmune hepatitis type 2 recognize the 50-kDa cytochrome P450 IID6 
antigen (47, 48) Manns et al reported that the antigen is different from the 50-
kDa antigen (49). In a previous publication we reported that some HCV-positive 
sera do not react with the recombinant human cytochrome P450 IID6 antigen, 
while the majority of anti-HCV and anti-LKM-1 positive sera from patients with 
chronic hepatitis recognize a larger epitope sequence of cytochrome P450 IID6 
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(49). Yamamoto et al. (50) confirmed and extended this observation. We reported 
that apart from the 50-kDa P450 IID6 antigen other proteins at 59 and 70 kDa are 
recognized by Western analysis (51). These proteins remain to be characterized at 
the molecular level. Patients who react with the 50- and 70-kDa antigens seem to 
have the best response to interferon-a treatment (51). We have investigated the 
possible association of a specific HCV strain or viral sequence with the induction 
of autoimmunity to microsomal antigens, among them cytochrome P450 IID6 
(52). We found that HCV genotype II, according to the Okamoto classification 
(53), is the dominant strain in Italian and German patients with chronic hepatitis 
C and autoimmunity to LKM antigens (52). Since some sequence homology exists 
between the core, envelope, and NS5 region of the HCV and cytochrome P 450 
IID6, we ampHfied and sequenced the appropriate regions of the HCV genome. 
The analysis of the viral genome isolated from anti-LKM-1- and anti-HCV-posi-
tive patients revealed no closer sequence homology. However, deletions in the 
envelope region of hepatitis C virus adjacent to the homology region were de-
tected only in anti-LKM-1-positive patients and not in patients with chronic hepa-
titis C without autoimmunity. 

Because it is still unknown what triggers autoimmune hepatitis type 2, i.e., anti-
LKM-1-positive, HCV-negative young females with high disease activity and good 
response to immunosuppression, we investigated possible sequence homologies 
between cytochrome P450 IID6 and hepatotropic viruses. We found that the major 
B-cell epitope on cytochrome P450 IID6 (49), an eight-amino acid peptide, has a 
high sequence homology with the immediate early protein of the herpes simplex 
virus type I (Fig. 1). LKM-1 antibodies affinity-purified from a synthetic peptide 
with the sequence of this epitope react with the cellular cytochrome P450 IID6 and 
the viral protein. Indirect clinical evidence supports this hypothesis: We observed a 
family with identical female twins, 13 years old (54). Only the child suffering 
from autoimmune hepatitis type 2 and in addition from ulcerative colitis had signs 
of herpes simplex virus type I (HSV-1) infection. No other family member includ-
ing the healthy twin sister had serological evidence of HSV or HCV infection. 
However, the twins both carried the autoimmune haplotype A1-B8-DR3-C4A-Q0. 
Furthermore, we observed a child with fulminant hepatic failure and LKM anti-
bodies that was high titer positive for IgM herpes simplex virus antibodies (Till-
mann et al, unpublished). Therefore herpes simplex virus could be a candidate in 
triggering this autoimmune liver disease. 

XIII . C Y T O C H R O M E V450 I I C 9 ^ T H E M A J O R A N T I G E N O F 

LlVER-KlDNEY-MlCROSOMAL ANTIBODIES TYPE 2 (LKM-2) 

Another type of LKM antibody was observed in a drug-induced hepatitis caused 
by the diuretic drug tienilic acid. This autoantibody was termed LKM-2 (55). It 
was never seen in Germany since the drug had only been prescribed in France and 
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CytP,5o IID6 - Asp - Pro - Ala - Gin - Pro - Pro - Arg - Asp 

HSV(IE175) - Pro - Ala - Gin - Pro - Pro - Arg 

FIGURE 1. Sequence homology between the major B-cell epitope of cytochrome P450 IID6 (LKM-
1 — antigen) and the inmiediate early protein 175 (IE 175) of herpes simplex virus type 1 (HSV). 
Modified according to Ref. (49). 

the United States. Once the drug is withdrawn Hver disease subsides and LKM-2 
antibody titers decHne and finally become negative. LKM-2 antigen became the 
first cytochrome P450 enzyme to be identified as an autoantigen (56), i.e., cyto-
chrome P450 IIC9. This drug-induced liver disease may become a model for im-
mune-mediated drug-induced liver disease (Fig. 2). 

Thus, a drug, e.g., tienilic acid, is metabolized by the cytochrome P450 enzyme 
(P450 IIC9). The reactive metabolite binds covalently to the metabolizing enzyme 
(P450 IIC9). Now cytochrome P450 IIC9 acts as an autoantigen and induces anti 
LKM-2 antibodies. However, there are still questions left to be answered, such as 
whether LKM-2 autoantibodies themselves mediate liver cell necrosis. A mem-
brane expression has already been postulated for P450 IIC9 (29,30). 

General Scheme for Drug Biotransformation 
Drug 

Bioactiyation 
(oxidation, reduction) 

Conjugation 
(glucuroside, sulfate, 
acetate, gluthatione) 

• 
Reactive 

Metabolite 

I 
Water-Soluble 

Compound 

I 
Exceretion 

(Urine, Bile) 

FIGURE 2. Hypothesis for autoimmunity against cytochrome P450 enzymes in drug-induced hepati-
tis. Modified according to Refs. (71,74). 
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XIV. C Y T O C H R O M E P450 IA2: T A R G E T O F L I V E R 

M I C R O S O M A L A N T I B O D I E S ( L M ) 

The antihypertensive drug dihydralazine may lead to an immune-mediated drug-
induced hepatitis associated with autoantibodies directed against periportal hepato-
cytes but not reacting with other tissue including the kidney. This antigen was 
identified as cytochrome P450 IA2 (57). At the same time autoantibodies against 
P450IA2 were found in a child with idiopathic autoimmune hepatitis (58,59). Cy-
tochrome P450 IA2 is highly inducible by dioxin. In man it is responsible for 
the metabolism of phenacetin. It is unknown whether this enzyme is genetically 
polymorphic. Anti-P450 IA2 antibodies also inhibit enzyme function in vitro. The 
B-cell epitope has not been identified yet. Recently cytochrome P450 IA2 was 
identified as a major hepatocellular autoantigen in autoimmune poly endocrine syn-
drome type 1 (APS 1) (60). This genetically determined multiorgan autoimmune 
process mainly affects endocrine organs including the adrenal, thyroid, parathy-
roid, and skin. However, in 10% of these patients the liver is involved. If the 
syndrome is associated with adrenal insufficiency the patient's serum usually con-
tains autoantibodies that react with adrenal P450 enzymes that are crucial for corti-
costeroid synthesis. Thus autoantibodies are associated with this syndrome that 
specifically react with the enzymes that are involved in the metabolism of hor-
mones whose deficiency is responsible for the clinical manifestations. In this con-
text it is of particular interest that a liver-specific P450 is recognized by autoanti-
bodies occurring in this syndrome once the liver is involved (60). Retrospectively, 
the child described in 1990 (58, 59) with anti-P450 IA2 antibodies presumably 
had APS-1 syndrome, or at least suffered from multiple skin lesions; his brother 
had died at the age of 8 from Addison's disease. Studies are in progress that 
further elucidate this relationship (P. Obermayer-Straub et al, unpublished). 

XV. UDP-GLUCURONOSYLTRANSFERASES: A N E W FAMILY 
OF H E P A T O C E L L U L A R A U T O A N T I G E N S A N D T A R G E T 

OF LKM-3 A U T O A N T I B O D I E S 

In their original report Crivelli et al. (19) observed in 11 of their 81 (13%) chronic 
hepatitis D carriers serum antibodies to the cytoplasms of hepatocytes and proxi-
mal renal tubules. The strongest reaction was seen with human and primate tissue. 
In tissue from other animal species (ox, pig, rabbit, and rat) the fluorescence inten-
sity declined progressively. In addition to liver and kidney, weak reactivity was 
seen with pancreas, adrenal gland, thyroid, and stomach, whereas reactivity of 
LKM-1 and LKM-2 is restricted to Hver and kidney tissue (17). These antibodies 
are now called LKM-1, characterize autoimmune hepatitis type 2 (4) and mainly 
recognize cytochrome P450 IID6 (22, 24, 25). These LKM-1 antibodies may also 
occur in some cases with hepatitis C, i.e., around 2%, and rarely in immune-
mediated halothane hepatitis. 
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Recently our laboratory identified and characterized the microsomal antigens 
in hepatitis D. Immunochemical characterization with one- and two-dimensonal 
immunoblotting revealed that the sera react with an antigen around 55 kDa which 
is weakly expressed in neonatal liver and which is inducible by various agents 
such as dioxin, phenobarbital, and rifampicin (61). The isoelectric point of the 
antigen is around 8. When testing purified cytochrome P450s the highest reactivity 
was seen with cytochrome P450 IIIA6. However, when testing the LKM-3 sera 
against recombinant P450 IIIA6 a negative result was obtained. 

Finally, cloning of a human liver cDNA library revealed a cDNA that encodes 
the major LKM-3 antigen associated with hepatitis D (61). The derived fusion 
protein reacted specifically with LKM-3 sera. The sequence of this cDNA was 
highly homologous to a family one UDP-glucuronosyltransferase. Testing several 
recombinant family one and two recombinant proteins revealed that the major 
autoepitope is expressed on exon 2-5 of family one UDP-glucuronosyltransferases 
(UGT). These exons (2 to 5) are conmion for all family one UGTs while exon one 
is unique and determines specific function and inducibility (Fig. 3). Some sera 
react in addition with a minor epitope on family two UDP-glucuronosyltransfer-
ases. 

To evaluate the clinical relevance of recombinant UGT proteins as diagnostic 
reagents for the detection of LKM-3 antibodies we applied an immunoblotting 
technique with rabbit recombinant UGT 1.6. All sera obtained from patients with 
hepatitis D that were positive for LKM-3 antibodies by immunofluorescence also 
reacted positive for anti-UGT. Only 1 out of 11 LKM-1 sera from patients with 
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FIGURE 5 . Gene locus for family one UDP-glucuronosyltransferases according to Ritter et al. (72). 
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autoimmune hepatitis type 2 was positive for anti-UGT reactivity while all the 
other sera from many hepatic and nonhepatic diseases were negative. These sera 
included material from patients with hepatitis D that were negative for LKM anti-
bodies, hepatitis C (either LKM-positive or -negative), hepatitis B, autoimmune 
hepatitis type 1 and 3, primary biliary cirrhosis, primary sclerosing cholangitis, 
and lupus erythematosus. 

Thus the major LKM-3 autoepitope is expressed on exon 2-5 of family one 
UDP-glucuronosyltransferases, and a minor epitope is localized on family two 
UDP-glucuronosyltransferase. UDP-glucuronosyltransferases become the first en-
zymes of phase II drug metabolism to be identified as human autoantigens (Fig. 
3). Autoimmunity against UDP-glucuronosyltransferases may be another good 
model for the study of virus-induced autoimmunity in man. In this context the 
membrane expression of UGT proteins has to be evaluated, as does the inhibitory 
activity of these autoantibodies on UGT function. Finally, the T-cell response to 
these proteins has to be elucidated. 

Concerning the diagnostic relevance of anti-UGT antibodies, their occurrence 
will need to be correlated with disease activity, level of HDV replication, treatment 
response, and prognosis. Even if anti-UGT are only secondary phenomena and are 
not related to pathogenesis, they may become useful diagnostic tools for the diag-
nosis and management of patients with chronic hepatitis D. It is of particular 
interest that autoimmunity is a common phenomenon in hepatitis D while autoim-
munity only rarely occurs in hepatitis B virus infection alone. The relationship 
between autoimmunity to UDP-glucuronosyltransferases and the phase I enzymes 
of drug metabolism, i.e., cytochrome P450 enzymes, needs to be investigated in 
detail. Preliminary evidence indicates a molecular relationship between autoimmu-
nities to phase I and phase II enzymes of drug metabolism (Fig. 4). Several other 
autoantibodies occur in chronic hepatitis D. Autoantibodies against forestomach 
basal layer cells and stellate epithelial cells of the thymus seem to react against 
an identical antigen of 46 kDa which is expressed in both tissues (62). This 
46-kDa antigen awaits molecular identification. Conceivably, it is another 
enzyme involved in the metabolism of environmental and endogenous substrates 
(63,64). 

XVI. C Y T O S O L I C A U T O A N T I G E N S 

In 1987 antibodies to a soluble liver antigen (SLA) were described as a constituent 
of the cytosol (3). They could be identified by enzyme-linked immunosorbent 
assay or radioimmunoassay but not by immunofluorescence. They seem to recog-
nize cytokeratins (65). These cytosolic antibodies may help to identify patients 
with autoimmune hepatitis that are negative for other autoantibodies which are 
detectable by immunofluorescence (3,5,66,67). Therefore they were used to iden-
tify another subgroup of autoimmune hepatitis. Antibodies with similar diagnostic 
significance directed against a cytosolic component of liver and pancreas tissue 
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FIGURE 4, Molecular relationship between cytochrome P450 enzymes (P450) (autoantigens LKM-1 
= P450IID6, LKM2 = P450 IIC9, LM = P450IA2) and UDP-glucuronosyltransferases (T) (autoanti-
gen LKM-3 = UGT-family 1) within the membranes of the endoplasmatic reticulum of hepatocytes. 
Modified according to Ref. (73). 

were also described (68). The molecular identification still has to be achieved for 
LCI and LC2 antigen (69,70), antibodies which are also directed against cytosolic 
components, and detected by imunofluorescence. Their identity is unknown. How-
ever, they frequently occur together with LKM-1 antibodies (69,70). 

XVII. D I S C U S S I O N 

Significant progress was made in recent years concerning the molecular identifica-
tion of hepatocellular autoantigens. This was facilitated by technical developments 
such as molecular cloning. Several liver diseases are associated with a significant 
number of autoantibodies. Among these diseases are autoimmune hepatitis, pri-
mary biliary cirrhosis, and primary sclerosing cholangitis. The etiology of all these 
diseases of presumed autoimmune background is unknown. It remains to be deter-
mined whether autoantibodies specifically associated with these diseases can give 
us any clues toward an etiology, e.g., via molecular mimicry between the sequence 
of B- and T-cell epitopes of these autoantigens and infectious agents. Furthermore, 
it needs to be determined whether a T-cell response against such constituents of 
the liver cell is pathogentically relevant. In addition, these autoantibodies may 
help to identify subsets of these syndromes which share a common response to 
specific treatment, e.g., immunosuppressive agents, interferons, or bile acids. Fur-
thermore particular autoantibodies such as LKM-1 and LKM-3 occur in associa-
tion with a proportion of patients with either hepatitis C or D. It has to be investi-
gated whether autoimmunity against these self antigens contributes to tissue 
damage in these viral infections of the liver or whether these autoantibodies again 
identify subsets of liver diseases with a particular response to treatment, e.g., inter-
ferons versus corticosteroids. Finally, hepatitis C and hepatitis D may provide clin-
ical models useful for the study of virus-induced autoimmunity in man. 
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Like many other autoantigens which have already been identified, hepatocellu-
lar autoantigens are intracellular enzymes that are inhibited by their autoantibodies 
in vitro. These autoantibodies react with conserved regions of their molecules 
which are usually active sites. In view of the fact that most of the major hepatocel-
lular autoantigens are not organ-specific, it is not clear why the disease is usually 
restricted to the liver. Possibly these antigens or parts of them are exclusively 
expressed on the surface of hepatocytes. Alternatively, a specific activation of the 
immune system via specific HLA molecules only occurs in the liver. 

Nevertheless, naturally occuring autoantibodies in the serum of patients with 
chronic hepatitis may be used as scientific tools to study the nature and biology 
of these antigens. Autoantibodies, in contrast to murine monoclonal antibodies, 
usually react with conserved regions of these molecules and often inhibit the func-
tion of their antigen in vitro. As has been shown for the LKM-1 antigen, cyto-
chrome P450 IID6, these autoantibodies do not sufficiently penetrate the intact 
liver cell membrane to inhibit the functions of these cytoplasmic antigens in vivo. 
These antibodies—as scientific tools—may help us to analyze the relationship be-
tween structure and function of these proteins. This may be of particular interest 
in the newly discovered hepatocellular autoantigens of hepatitis D, e.g., the UDP-
glucuronosyltranserases. The UGT supergene family is still poorly characterized, 
presumably due to the lack of good monoclonal antibodies. Hopefully, anti-UGT 
(anti-LKM-3) antibodies in hepatitis D may be as useful as some antinuclear anti-
bodies in lupus erythematosus to study these aspects of cell biology. It seems to 
be a matter of time until such autoantibodies help to identify as yet unknown 
proteins which significantly contribute to liver cell function 
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I. I N T R O D U C T I O N 

In 1982, a spiral Gram-negative bacteria, now called Helicobacter pylori, was 
discovered in the human stomach (1). This was a surprising finding since most 
doctors and scientists considered the stomach to be essentially sterile. However, 
we now know that about one-half of the world's population is infected with H. 
pylori (2), and that it is the most important cause of both peptic ulcer disease and 
gastric adenocarcinoma, especially involving the distal stomach (3-6). 

The hallmark of H. pylori infection is the presence of inflammation in the 
gastric mucosa. Helicobacter pylori-infQciQd gastric tissue shows an inflammatory 
infiltrate in the lamina propria including both T and B lymphocytes, macrophages, 
mast cells, eosinophils, and neutrophils. In addition, there is disturbance of epithe-
lial gland struction and function, with infiltration by inflammatory cells and dimin-
ished mucus production (4). This lesion is called chronic superficial gastritis 
(CSG), it is present in essentially all H. py/on-infected persons, and it now is clear 
that H. pylori causes this tissue injury (5). 

In essence, H. pylori can be considered the first of a new class of pathogens, 
which I have called "slow" bacteria (6). The characteristics of H, pylori that in 
total differentiate it from other described bacteria include the following. It persists 
for decades (probably for life) in most infected persons. Unlike other persistent 
bacterial agents that spend most of their tenure in the human host in dormancy 
(e.g., Mycobacterium tuberculosis), H pylori is undergoing active replication. As 
evidenced by its near universality in human populations in developing countries, 
and its persistence, it is superbly adapted for the human host. In conjunction with 
the near universality of closely related strains in other primates, and the tremen-
dous diversity among strains (7,8), these data suggest that it has long been a 
parasite of humans, possibly since before we differentiated from other mammals. 
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Infection with H. pylori may lead to disease (such as cancer or ulceration) years 
or decades after its introduction; however, disease is not an inevitable consequence 
of infection. In that specific sense H. pylori resembles other chronic infectious 
agents of humans such as M. tuberculosis and Shistosoma species, but in total its 
characteristics as listed above differentiate it from other known human pathogens. 
It is likely that other slow bacterial pathogens will be recognized in the future as 
causing one or more of a variety of chronic inflammatory diseases of unknown 
cause (9). 

Unlike other host-microbial interactions in which the result is an all-or-none 
phenomenon (elimination of the microbe or death of the host), H. pylori infection 
represents a dynamic equilibrium in which neither host nor microbe can eliminate 
the other, so they coexist for long periods. The presumed long history of H. pylori 
infections in humans suggests that there has in fact been a coevolution of host and 
microbe in response to selective pressures. 

II . P A T H O G E N E S I S O F I N F L A M M A T I O N 

In such circumstances, not unexpectedly, the pathogenesis of H. pylori infection is 
complex. In the first case, most (>90%) organisms are free-living within the se-
creted mucus in the stomach. In a sense, these lumenal bacteria may be considered 
as living outside the human host. However, a minority of H. pylori cells adhere to 
gastric epithelial cells, after producing apparent adherence pedestals, and some 
evidence suggests that a small number of organisms may locally invade the epithe-
lial cells, although this latter point is controversial. What is clear, however, is that 
H. pylori cells are not present in the lamina propria, which is the site for the bulk 
of the inflammatory reaction. However, H. pylori antigens may be visualized in 
the lamina propria (10). As evidenced by the strong B-cell responses to H. pylori 
infection, there is clear recognition of H. pylori antigens and production of a sus-
tained humoral immune response (11). With eradication of infection, the antibody 
response gradually wanes, but it may revive with new or recrudescent infection; 
this indicates that the response requires the continued presence of the antigen, and 
thus may be modulated (12). 

There now is substantial evidence from both in vitro and in vivo studies that H. 
pylori antigens may both attract and activate inflammatory cells (10,13). Similarly, 
H. pylori stimulates epithehal cells to produce proinflammatory cytokines includ-
ing IL-6 and IL-8. Thus, a model can be created in which H. pylori infection leads 
to a long and complex cascade of proinflammatory events involving epithelial 
cells, inflammatory cells, and cytokines. 

III . E C O N O M Y O F T H E INFLAMMATORY 

R E S P O N S E : D O W N R E G U L A T I O N 

Nature is economical, and for well-adapted pathogens like H. pylori it is likely 
that much, if not all, that occurs is adaptive rather than accidental. It is likely that 
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unrestricted inflammation is bad for both host and microbe. For the host, mounting 
a strong inflammatory response against a microbe that can not be eUminated is 
maladaptive, one cost of which is the ehmination of normal gastric structure and 
function. For the microbe, intense inflammation hastens the development of 
atrophic gastritis, a condition in which bacterial numbers fall toward zero. Mainte-
nance of a long-term niche requires that inflammation be minimized to the lowest 
levels consistent with the health of the microbial population. 

I have previously proposed a model of this interaction (Fig. 1), in which H. 
pylori deliberately (adaptively) releases proinflammatory effectors that stimulate 
the host to respond. This response has as a consequence: the release of nutrients 
allowing the "offshore" H. pylori population to be fed. On its own, this is a posi-
tive feedback cycle, which we know cannot persist. I have proposed that evolution 
has selected for those hosts in which the mucosal immune system downregulates 
this inflammation. Parenthetically, such downregulation would be adaptive in rela-
tion to other chronic pathogens that cannot be eliminated such as the Plasmodium 
species. In addition, I have proposed that evolution has selected for H. pylori 
strains that can finely modulate its proinflammatory activities to the level required 
both to sustain the microbial population and to ensure transmission to a new host. 
Thus, the positive-feedback system has two brakes, and in total this proposal rep-
resents an autoregulation model. Mathematical analysis in fact indicates that a 
regulated model is the only way H. pylori can remain in steady state for long 
periods (14). 

Is this model correct? A number of observations are consistent with the hypoth-
esis raised, but I will highlight two. First, the lipopolysaccharide (endotoxin) of 
H. pylori has remarkably little biological activity. Our experiments have shown 
that approximately 10,000-times more LPS from H. pylori compared with Esche-

Transducers 

H. pylori 

FIGURE 1. Model of H. pylori persistence. Reprinted from Ref. (6), with permission. 
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richia coli is required to activate macrophages (15). This bespeaks an extremely 
strong selection for bacteria that the host can tolerate. Conversely, despite much 
evidence for an extremely strong B-cell response to H. pylori, most studies suggest 
that the T-cell response is blunted or essentially absent (16). Although the defini-
tive experiments to examine the model of downregulation have not yet been per-
formed, the hypotheses are testable and can be addressed in the future. 

IV. VARIATION I N C L I N I C A L O U T C O M E 

O F ^ . PYLOi^i I N F E C T I O N 

Regardless of the mechanism by which H. pylori induces inflammation, the natural 
history of this infection has gradually been established (Fig. 2). Within weeks to a 
month of its acquisition, the host develops chronic superficial gastritis, and this 
lesion persists for decades. Most infected persons have chronic superficial gastritis 
or mild atrophic gastritis when they die, never having had any clinical conse-
quences of infection. As such, for most infected persons, H. pylori has been a 
harmless commensal, and the possibility that the infection may be beneficial (a 
symbiont with humans) has not been ruled out. In a minority of persons (less than 
10%) there is the development of peptic ulceration; in others, severe atrophic 
gastritis increases risk for development of gastric adenocarcinoma, and in a few 

H. pylori infection 

Weeks-Months 

Years-Decades 

Chronic superficial 
gastritis 

Peptic ulcer 
disease 

Chronic 
superficial 

gastritis 

Lymphoproliferative 
disease 

Chronic atrophic 
gastritis 

^ 
Gastric 

adenocarcinoma 

FIGURE 2, Natural history of H. pylori infection. Reprinted from Ref. (6), with permission. 
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Others there may be lymphoproHferative disorders, such as MALT-type lymphomas 
(17). 

The paradigm that a persistent pathogen that has coevolved with humans only 
causes disease in a small fraction of infected hosts is a common theme (i.e., schis-
tosomiasis, M. tuberculosis infection). The determinants of risk of clinical conse-
quences may be divided into four major categories. Different outcomes may reflect 
differences in: (i) virulence of infecting organisms, (ii) genetic background of in-
fected hosts, (iii) exposure of hosts to other environmental agents, and (iv) the age 
at which infection was acquired. Although there has been evidence that each of 
these factors may play a role in explaining the complexity of the responses to H. 
pylori infection, the remainder of this chapter will focus on two differences among 
H. pylori strains that are associated with clinical differences. 

V. T H E VACUOLATING C Y T O T O X I N 

In 1988, Dr. Robert Leunk found that culture supematants from a subset of H, 
pylori strains could induce vacuole formation in a variety of eukaryotic cells (18). 
This activity was unlike that due to most known bacterial toxins, and could not be 
neutralized by several anti-toxins (18). Leunk found that about 50% of H. pylori 
strains express this activity in culture supematants, an observation that has been 
confirmed (19,20). At first, there was doubt as to whether a cytotoxin actually 
existed, since ammonia released by the strong urease activity of H. pylori also can 
induce vacuoles to form (21); however, careful analyses showed that there existed 
a vacuolating activity independent of that related to ammonia (22). In 1992, Cover 
and Blaser reported on the purification of the toxin; the mature toxin migrated at 
about 90 kDa on SDS-PAGE (23). Furthermore, they and others showed that H. 
pylori-iniQCitd persons could possess neutralizing antibodies in their serum, con-
firming that the toxin was being produced in vivo (24,25). These observations put 
to rest any doubts that the toxin existed. The toxin induces formation of numerous 
vacuoles in affected cells (26), a process that requires vacuolar-type ATPase activ-
ity in the target cell (27,28). The vacuoles are products of the endocytic pathway 
(29), but certain molecules inhibit or augment activity (30). 

Since cytotoxicity represented a phenotype that could be detected in vitro, nu-
merous investigators began to study //. pylori isolates from patients with different 
cHnical manifestations to determine whether the in vitro phenotypes correlated 
with clinical outcome (19,31-33). Although the exact methods used by the investi-
gators varied, the results all were in the same direction; cytotoxigenic strains were 
significantly more frequently isolated from patients with peptic ulceration than 
from patients with gastritis alone (Table I). Thus, cytotoxicity was a marker for 
more virulent strains. Similar studies were conducted to examine the association 
of cytotoxicity with atrophic gastritis or gastric cancer (34,35) but results were 
more equivocal. 
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TABLE I 

ISOLATION O F CYTOTOXIGENIC^. PYLOI^J STRAINS FROM PATIENTS WITH PEPTIC ULCERATION 

OR GASTRITIS ALONE 

Study 

Figura et al 
Cover et al. 
Tee et al. 
Goosens et al. 

Reference 

19 
31 
32 
33 

Peptic ulcer disease 

Number of % 
patients 

24 
5 

93 
41 

positive 

67 
100 
66 
49 

Gastritis alone 

Number of 
patients 

53 
19 
53 
89 

% 
positive 

30 
32 
36 
25 

P value 

0.007 
0.02 

< 0.001 
0.007 

VI. C H A R A C T E R I S T I C S O F vacA 

Cloning of the gene encoding the toxin was accompHshed essentially simultane-
ously by four research groups (36-39). Fortunately, by agreement, each group 
named the gene vacA, since it encoded the vacuolating cytotoxin, and mutation of 
vacA ablated the cytotoxic activity (36). Analysis of the gene suggested that it 
encoded a short N-terminal cleaved signal sequence and a more substantial (about 
50 kDa) carboxyl terminal (36-39). Structural analysis and homology searches 
suggested that the cleaved N-terminus permits passage of the toxin through the 
cytoplasmic membrane of the bacterium, whereas the C-terminal portion serves as 
a pore, allowing transit of the toxin molecule through the outer membrane before 
it is cleaved (38). Sequence analysis of the mature toxin shows no obvious homol-
ogies to other known genes (36-39). 

Importantly, although not all H. pylori strains express vacuolating cytotoxin 
activity in vitro, essentially all strains possess vacA (36-39). However, in certain 
regions of the gene, vacA is well-conserved from strain to strain whereas in other 
regions there is substantial diversity (35,40,41). In the highly diverse middle re-
gion, sequences from strains that are toxigenic form a family in which the se-
quences are highly related to one another (>90%). The nontoxigenic strains form 
a second highly related family (>90% identity in the middle region) (36,40). This 
is highly unusual for a region within a conserved gene, as vacA is in H. pylori, 
and in contrast, the upstream gene cysS is highly conserved across all strains (41). 
Telford and colleagues found that supematants from tox"^ strains but not tox" 
strains could cause severe mucosal injury when inoculated into the mouse stomach 
(37). To better assess the active agent, culture supematants were compared from a 
wild-type tox^ strain (84-183) and an isogenic strain in which vacA was mutated 
and in which no toxin production was observed (84-183V) (42). Whereas supema-
tants from both strains induced inflammation of the mucosa to a similar extent, 
mutation of vacA markedly reduced the degree of gastric epithehal mucosal injury. 
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These findings indicate that the vacA product is an aggressive factor involved in 
mucosal damage. 

VII. vacA DIVERSITY 

Recent studies by Atherton et al have further characterized vacA diversity, and 
found important clinical correlates (40). They defined two alleles of the middle 
region, called ml and m2, and found three alleles of the signal sequence sla, sib, 
and s2. Alleles sla and sib are closely related but distinct. In total, any H. pylori 
strain could have one of six possible genotypes, but in a study of 62 isolates, no 
strain of the s2ml vac A type was identified, vac A genotype correlated well with 
toxin phenotype. In general, s2m2 strains were not toxin producers, sl/ml strains 
were high toxin producers, and sl/m2 strains had a bimodal distribution in the 
middle (40). In 57 (92%) of 62 strains, cagA status was concordent with vacA 
genotype: all s2 strains were cagA~ and all cagA^ strains were si. There also 
were 5 cagA~ strains that were si. 

When the clinical status of the patients from whom these strains were obtained 
was ascertained, important clinical information emerged. Of 23 persons who had 
past or present peptic ulcer disease, 21 (91%) were infected with an si strain 
whereas this genotype was observed in 16 (48%) of the 33 patients with gastritis 
alone. Further studies are on-going but these investigations indicate a strong asso-
ciation between vacA genotype and the liklihood of having peptic ulceration. If 
confirmed, this observation may have substantial clinical utility. In any event, the 
mechanism for the association of particular s-types and peptic ulcer disease is 
not at all understood. Subanalyses suggest that the effects of s-types on gastric 
inflammation are independent of cagA status or m-type. 

VIII. T H E CagA P R O T E I N 

In the late 1980s, investigators were examining H. pylori strains to determine the 
extent of antigenic diversity (20,43,44). Several groups noted that a subset of 
strains (from 60 to 80% depending on the study population) expressed a protein 
migrating between 120 and 130 kDa, and that this band was absent in other 
strains. In 1990, Cover et al. first reported that 100% of persons with duodenal 
ulceration had serum IgG antibodies that recognized a 128-kDa band, versus only 
about 60% in patients with gastritis alone (20). The next year, Crabtree et al 
found almost identical gastric IgA responses to a 120-kDa band (which we now 
know is identical to Cover's 128-kDa band) (45). These proteins have been called 
the CagA protein and on careful examination have been found to range in size 
from 120 to 140 kDa (46,47). Several other investigators have confirmed a strong 
association between the presence of serum antibodies to the CagA protein and 
duodenal ulceration. It now appears that 40-60% of patients with gastritis alone 
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are infected with cagA'^ strains compared to 80 to 100% of patients with duodenal 
ulceration (20,45,48). For patients with gastric ulceration, results are intermediate 
(20,48). Recent studies also have shown an association between infection with 
a CagA"^ strain and the development of both atrophic gastritis (49), as well as 
adenocarcinoma of the stomach (50,51). Thus, strains expressing the CagA protein 
appear more virulent than CagA" strains. 

IX. THE ca^A Locus 

Two research groups cloned the gene encoding CagA, and by agreement called it 
cagA (46,47). In contrast to vacA, cagA is not present in every H. pylori strain; 
strains that do not express the CagA protein lack cagA. In total, in developed 
countries about 60% of strains are cagA^ and the remainder are cagA~, but in 
developing countries the cagA^ proportion appears higher. An interesting feature 
of the cagA sequence is the presence of multiple repeating patterns. A variable 
number of repeats explains the size range of CagA proteins, from about 120 to 
140 kDa (46). We have recently identified two new genes upstream of cagA, but 
oriented in the opposite direction, that we have called picA and picB (52). These 
genes appear to be cotranscribed, and all strains that carry cagA carry picA and 
picB, whereas strains lacking one of the genes lack all three, and thus they appear 
completely linked at the genetic level (52). We now have created isogenic mutant 
strains in which we have ablated CagA, PicA, or PicB protein production by inser-
tion of an antibiotic (kanamycin) resistance cassette into each of these genes 
(52,53). Mutation of picA also knocks out the downstream p/cjB which is cotrans-
cribed. 

X. ca^ AND I N F L A M M A T I O N 

Because cagA^ strains are more virulent (more highly associated with duodenal 
ulceration, atrophic gastritis, and adenocarcinoma of the stomach), we investigated 
whether these strains induced more profound inflammation than did cagA~ strains. 
The results were remarkably consistent. cagA^ strains have an average sixfold 
higher density of bacterial cells in the gastric antrum than do cagA" strains (54); 
cagA "̂  strains are associated with substantially higher levels of gastric inflamma-
tion and injury than are cagA~ strains (45,55). In vitro, cagA^ strains induce 
substantially greater IL-8 production by AGS gastric epithelial cells than do 
cagA~ wild-type strains (56). In total, these data suggest that cagA^ stains have 
a more inflammatory life-style than do cagA~ cells, and that this process turns up 
the "gain," resulting in higher levels of gastric injury (Fig. 3). 

XI. ROLEOFpicAB 

To answer the question of whether the cagA product itself causes more inflamma-
tion or is merely a marker for this phenomenon, we compared wild type cagA^ 
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PUD CSG Cancer PUD CSG Cancer 
FIGURE 5. Comparison of cagA'^ and cagA' strains. Epidemiological studies indicate that persons 
infected with cagA' strains are most likely to continue to have chronic superficial gastritis (CSG) with 
no other sequelae during life. Peptic ulcer diseaser (PUD) and gastric cancer (GC) are uncommon 
outcomes of infection. Persons infected with cagA ̂  strain also are most likely to develop only CSG; 
however, the likelihood of developing PUD or GC is much increased. The reason for this difference 
between cagA ̂  and cagA' strains is unknown but the author hypothesizes that the former strains have 
a more proinflammatory lifestyle, and that the clinical sequelae are consequences of this phenomenon. 

Strains with isogenic mutants that differed only in that cagA was knocked out by 
insertion mutagenesis (53). When we examined abiUty of the wild type and the 
isogenic cagA~ mutant strains to possess vacuolating cytotoxin activity or to in-
duce IL-8 production by AGS cells, there were no differences. These data sug-
gested that the presence of cagA was merely a marker for strains that induced 
enhanced inflammation. We then compared the picA and the picB mutants with 
their respective wild-type cells. All strains showed essentially equal levels of cyto-
toxin activity. However, ablation of picA or picB sharply diminished the ability of 
the mutant strains to induce AGS cells to produce IL-8 (52). These data suggest 
that picA and/or picB are essential for the proinflammatory activity induced by 
wild-type cells that are cagA ̂ . Whether the products of picA or picB themselves 
are the proinflammatory substances or merely facilitate such activity is not yet 
known. However, the strong homology of picB with Bordetella pertussis PtlC and 
Agrohacterium tumefaciens VirB4 suggest a role in a secretory pathway (52). Fur-
ther work is on-going. 

XII. C O N C L U S I O N S 

Heliobacter pylori appear to have conserved mechanisms permitting persistance in 
the human host. Current evidence indicates that H. pylori has been a pathogen of 
humans since time immemorial. Prolonged coevolution helps explain the relative 
innocuity of these slow bacteria. In addition, at least two different markers, the 
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genotype of the vacuolating cytotoxin and the presence or absence of picA or picB, 
are characteristics that differentiate among strains. Such characteristics reflect dif-
ferences in virulence, and may reflect genetic elements that have been acquired 
more recently. 
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Chapter 28 

Helicobacter pylori: Infection^ Inflammation 

and the Host Immune Response 

Steven J. Czinn and John G. Nedrud 

Division of Pediatric Gastroenterology and Nutrition, Rainbow Babies and Childrens Hospital, 
and Institute of Pathology, Case Western Reserve University, Cleveland, Ohio 44106 

Gastric diseases ranging from gastritis and ulcers to adenocarcinoma have histori-
cally been major health concerns which afflict millions of people w^orldwide. Until 
recently, the causes of such diseases have been attributed to dietary factors, medi-
cations, or physiologic abnormalities of the patient. However, recent work involv-
ing a novel bacterial pathogen, Helicobacter pylori, suggests that this microorgan-
ism plays an etiologic role in the development of gastric disease. 

The concept of spiral organisms within the stomach is not a new one. Investiga-
tors in the 19th century described spiral organisms in the gastric mucosa of several 
animal species. Similar organisms were subsequently identified on the surface of 
human gastric mucosa. These observations were confirmed by Freedberg and Bar-
ron (1940), who identified spiral-shaped organisms in approximately 50% of adults 
with gastric and/or peptic ulcer disease. Despite early enthusiasm, skepticism re-
garding the bacterial etiology of peptic ulcer disease was promoted by Palmer in 
a study involving an excess of 1000 gastric biopsy specimens, which failed to 
demonstrate these organisms (Palmer, 1954). Fitzgerald and Murphy (1950) dis-
cussed the role of gastric urease and peptic ulcer disease, and other investigators 
concluded that the gastric urease present in patients with peptic ulcer disease was 
of bacterial origin. It was not until the early 1980s, when Marshall and Warren 
successfully cultured this unique bacteria from a human gastric biopsy (Marshall 
and Warren, 1983), that evidence began to mount to support an etiologic role for 
this bacteria in the development of gastroduodenal disease and cancer. 

Morphologically, H. pylori is a gram-negative, s-shaped rod, 0.5X3.0 /xm in 
length. It has polar flagella, and produces a series of enzymes, such as urease, 
catalase, and oxidase. Helicobacter pylori requires a microaerophilic environment 
for culture, and is associated with the gastric epithelium of man. Despite a number 
of reports confirming spiral organisms associated with the presence of gastritis and 
ulcers, the medical community remained skeptical regarding the etiologic role this 
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microorganism played in the development of gastroduodenal disease. It is esti-
mated that between 50 and 80% of adult humans are infected worldwide and it is 
now clear that virtually 100% of patients with duodenal ulcers and 80-90% of 
gastric ulcer patients have this infection in the stomach (NIH Consensus Confer-
ence, 1994; Peterson, 1991). It also appears that Helicobacter-infected individuals 
have a significantly increased rate of gastric cancer (Eurogast Study Group, 1993; 
World Health Organization, 1994; Parsonnet, 1993). Although it is possible to use 
multidrug antibiotic therapy to eradicate this infection, there are a number of ad-
verse effects of antibiotic treatment including poor patient compHance, antimicro-
bial resistance, abdominal pain, and diarrhea (Bell et al, 1992; Chiba et al, 1992). 
Therefore, if one could develop a way to immunologically prevent or treat infec-
tion, it would be extremely beneficial, and as early as 1991 studies in animals 
suggested the feasibility of an H. pylori vaccine (Czinn and Nedrud, 1991). 

The evidence that implicates H. pylori in the pathogenesis of gastroduodenal 
disease comes from a series of studies. The first are volunteer studies. In the early 
1980s, when Barry Marshall first rediscovered H. pylori, there was tremendous 
skepticism in the medical community. Support for the relationship between H. 
pylori and human illness was derived from novel experiments performed by Barry 
Marshall and Arthur Morris (Marshall et al, 1985; Morris and Nicholson, 1987), 
who satisfied Koch's postulates by creating histologically confirmed gastritis fol-
lowing consumption of viable organisms with subsequent recovery of bacteria. 
Antimicrobial studies now show very convincingly that eradication of the infection 
induces rapid, complete remission of ulcers. Although recurrence rates after anti-
microbial therapy have been reported to be low, this may have more to do with 
exposure rates and opportunity for reinfection than the existence of effective im-
munity after antimicrobial cure. Indeed, animal studies have shown that in contrast 
to vaccination, triple-therapy cure of Helicobacter infections does not lead to im-
munity to reinfection (Chen et al, 1993; Fox et al, 1994; S. J. Czinn, et al, 
1996). In addition, the widely accepted cohort theory for H. pylori infection sug-
gests that H. pylori infection is primarily acquired in childhood and that as the 
population ages, new infections of adults are relatively rare (Banatvala et al, 
1993). Thus, eradication of infection in adults could yield low reinfection rates 
because adults have low exposure rates rather than because of immunity. If this 
hypothesis were true, then in a situation where adults do have high exposure rates, 
as might be expected in a developing country, one might expect a relatively high 
rate of reinfection after triple-therapy cure. In fact, one recent study from Brazil 
showed exactly this result (Coelho et al, 1992). 

A series of animal models has been developed which has provided the opportu-
nity to study host responses to this infection. When one begins to study the im-
mune response to this infection, a paradox becomes apparent. We and others have 
shown that vaccination can prevent, and may even cure, Helicobacter infections 
(Chen et al, 1993; Corthesy-Theulaz et al, 1995; Czinn et al, 1993; Ferrero et 
al, 1994, 1995; Marchetti et al, 1995; Michetti et al, 1994). However, humans 
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and animals infected with Helicobacter species develop 2inii-Helicobacter immune 
responses, but do not clear the infection. There are a number of possible resolu-
tions to this paradox. This microorganism is not invasive, and in some ways is not 
really within the body. It lives on the surface of the gastric epithelium, in an area 
where neither cell-mediated nor humoral immune mechanisms may be able to 
clear the infection. A second possible resolution of the paradox may be that preex-
isting immunity such as induced by vaccination may be able to block the infection, 
whereas postinfection immune responses may be unable to clear an existing infec-
tion. The issue of local/mucosal immune responses as opposed to systemic immu-
nity may also be important. Finally, there may be quantitative and/or qualitative 
differences in the antibody response when an individual is immunized as com-
pared to naturally infected. Accumulating evidence suggests that the latter explana-
tion may be the most plausible (see below). 

A number of laboratories have begun to study the feasibility of prophylactic 
and therapeutic vaccination for the prevention and treatment of H. pylori infection. 
The animal models that most investigators have used to investigate H. pylori vac-
cination is an adaptation of the germ-free///, felis mouse model. Originally, this 
model employed 6-week-old germ-free outbred Swiss-Webster mice and has since 
been adapted for conventional inbred strains of mice (Lee et al, 1990; Michetti et 
al, 1994; Mohammadi et al, 1996). Once mice are infected with H. felis, they 
develop chronic inflammation which appears to be lifelong (Fox et al, 1993; Lee 
et al, 1993) Similar to humans, treatment of murine H. felis infection requires 
triple-antimicrobial therapy; a single antimicrobial agent is unable to cure the dis-
ease (Dick-Hegedus and Lee, 1991). There are, however, a number of significant 
differences between K felis and H, pylori Specifically, H. felis does not appear to 
have cagA or vacA, which are markers of virulence in H. pylori, and finally, this 
is a nonadherent microorganism. 

Using this model, the generally accepted oral immunization protocol employs 
three to five weekly oral immunizations consisting of inactivated H. felis, inacti-
vated H. pylori, or purified Helicobacter proteins plus cholera toxin. One week 
after the final immunization, the animals are challenged with viable H felis and 
sacrificed at various time intervals. Gastric biopsies are then obtained for rapid 
urease testing and/or visualizing organisms on histologic sections for determina-
tion of infection. The results of such studies indicate that a significant IgA and 
IgG anti-Helicobacter response was generated in serum, gastric, and intestinal se-
cretions in immunized mice as compared to nonimmunized controls. Additionally, 
significant protection was observed when the mice were immunized prior to chal-
lenge with live H. felis (Fig. 1). As can be seen in Fig. 1, oral immunization 
prevents Helicobacter infection in 82% of inmiunized animals, whereas 90% of 
control animals become infected following challenge. 

In an effort to resolve the paradox regarding why oral immunization is able to 
prevent Helicobacter infection although the immune response following natural 
infection is unable to clear the organisms, we began to study the antibody response 
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FIGURE I. Groups of Swiss-Webster germ-free mice were orally immunized four or five times over 
a 1-month period with 2 ^ mg of sonicated H. felis lysate plus 10 )u,g of cholera toxin and were then 
challenged orally with approximately 10^ viable H. felis bacteria. One to two weeks after challenge, 
mice were sacrificed and gastric biopsies were collected. The biopsies were scored for the presence of 
H. felis by rapid urease test and/or culture positivity. Pooled data from four experiments, the numbers 
in parentheses represent the number of protected animals/total number of mice per group. Adapted 
from Czinn et al (1993). 

following oral immunization and infection (Fig. 2). In this experiment, we took a 
series of naive and immunized animals and challenged them with H. felis. As 
expected, the immunized animals had preexisting antibodies. At 1 and 3 weeks 
following challenge, immunized animals were protected, and had significant titers 
of serum IgA and serum IgG antibody. However, the more interesting point is that 
by 6 weeks following infection, there was virtually no difference between the two 
groups. Therefore, oral immunization could induce antibodies prior to infectious 
challenge, but did not appear to enhance the magnitude of the antibody response 
relative to infection of nonimmunized mice. Similar results were seen in the intes-
tinal washes (Fig. 2). Once again, there were preexisting intestinal IgA and intesti-
nal IgG antibodies after immunization, but after about 6 weeks there was virtually 
no difference between the preimmunized/infected mice and the infected mice. 
Similar results were also observed in gastric washes of immunized versus infected 
mice but the anti-//. felis titers were lower. Collectively, these results are consis-
tent with the hypothesis that preexisting antibodies can block infection, and this 
may resolve the paradox noted earlier. At about this time, however, several labora-
tories began to report successful therapeutic immunization against Helicobacter 
infection. In these studies, mice which had been chronically infected with H. felis 
were successfully cured of H. felis infection following oral immunization with H. 
felis antigens and cholera toxin (Corthesy-Theulaz et al, 1995; Doidge et al, 
1994). 

Our laboratory has also investigated therapeutic immunization using the ferret 
model. We believe the ferret model has specific advantages over the murine model 
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FIGURE 2. Serum and intestinal antibody titers in germ-free mice after oral immunization with H. 
felis lysate plus cholera toxin. Naive mice had undetectable levels of anti-//. felis antibody (data not 
shown). Titers in the immunized/infected group that were significantly greater (P < 0.05) than titers in 
the infected only group are indicated by an asterisk (*). Adapted from Sellman et al (1995). 

when performing therapeutic immunization studies. Specifically, H. mustelae is 
indigenous to ferrets, and, for the most part, only infects ferrets. Consistent with 
humans, natural infection occurs early in life. There is also serologic conversion 
with the development of histologic gastritis. It is also very difficult to eradicate 
this infection with antimicrobial agents; similar to humans, it requires triple ther-
apy for a minimum of 2 weeks. Finally, eradication of H. mustelae in ferrets 
results in resolution of gastritis. 

Chronically infected ferrets were immunized five times with purified H, pylori 
urease plus cholera toxin. Animals that were treated with H. pylori urease plus 
cholera toxin had a 30% rate of cure while all animals receiving cholera toxin 
alone or sham immunization remained infected. Despite the fact that we only 
cured 30% of the animals, we saw a reduction in inflammation in all immunized 
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animals (Cuenca et al, 1996). If these experiments in mice and ferrets continue to 
yield consistent results, it could lead to immunotherapy therapy for H. pylori in-
fection of humans. Finally, based on these intriguing results, it appears that we 
have not yet resolved the paradox regarding the immune responses and Helico-
bacter infections; the immunity which results in clearance of infection after thera-
peutic immunization is clearly not due to preexisting antibodies. 

Since therapeutic immunization rules out the notion that preexisting antibodies 
are the sole reason that immunization works and since there were no differences in 
the magnitude of antibody responses between infected and immunized (protected) 
animals (Fig. 2), we have begun to examine qualitative differences in antibody 
responses among immunized vs infected animals. Western blots were performed 
to examine the humoral immune response against H. felis in the immunized only 
mice, immunized-challenged (protected) mice, and nonimmunized infected mice. 
Immunization alone, or immunization followed by challenge and ultimate protec-
tion, resulted in the presence of an additional band of 60-70 kDa, consistent with 
antibody to ureB (data not shown). Additional bands in immunized or immunized 
and challenged animals in the range of 16-20 kDa were also seen. We have re-
cently observed a similar set of circumstances in a pediatric patient. In this case 
report, a 10-year-old boy with a documented duodenal bulb ulcer, as well as 
chronic gastric inflammation and the presence of H. pylori, spontaneously cleared 
his Helicobacter infection. The Western blot analysis from this patient, shown in 
Fig. 3, demonstrates numerous bands during chronic infection but only one promi-
nent band with a molecular weight of 76 kDa following spontaneous clearance of 
infection. Subsequent Western blot analysis using purified recombinant H. pylori 
ureB showed that this convalescent serum did, in fact, react with urease (not 
shown). Although these results reflect serum rather that secretory antibodies, an-
other recent animal study has shown that secretory IgA antibodies reactive with 
ureB correlated with protection of H /^/w-immunized mice (Lee et al, 1995). 
Additional evidence for the potential role of anti-urease antibodies in prevention 
or cure of Helicobacter infections comes from passive immunization studies where 
anti-urease monoclonal antibodies blocked H. felis infection of mice (Blanchard et 
al, 1995a). The striking inverse correlation between antibodies reacting with ure-
ase and the absence of colonization or disease in both animal and human studies 
suggests that qualitative differences in antibody responses between infected as 
opposed to immunized individuals may be a critical element which allows immu-
nized animals (and hopefully humans) to either prevent or clear Helicobacter in-
fections. 

Why should there be a qualitative difference in the antibody responses of in-
fected versus immunized subjects? One important fact regarding successful immu-
nization versus Helicobacter spp. to date is that they have all included cholera 
toxin or the biologically similar heat labile toxin of Escherichia coli, or derivatives 
of these toxins as a mucosal adjuvant (Chen et al, 1993; Corthesy-Theulaz et al, 
1995; Czinn et al, 1993; Ferrero et al, 1994, 1995; Lee and Chen, 1994; Lee et 
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FIGURE 3. Western blot of serum anti-/f. pylori antibodies from a patient who spontaneously cleared 
his infection. Lanes A and D, molecular weight standards. Western blot of serum against H. pylori 
lysate (lane B) and H. pylori outer membranes (lane C) during phase of chronic infection. Western blot 
of serum against H. pylori lysate (lane E) and H. pylori outer membranes (lane F). Following spontane-
ous clearance of H. pylori infection. 

al, 1995; Marchetti et al, 1995; Michetti et al, 199A). Immunizations which have 
not used one of these adjuvants have not been successful at preventing infection 
and in some cases have actually exacerbated the disease which results when ani-
mals are challenged (Chen et ah, 1993; Eaton and Krakowa, 1992; Lee et a/., 
1995; Palley et al, 1993). Perhaps it is the addition of cholera toxin which is 
responsible for the qualitative differences in the antibody response which we have 
observed, or for other undefined qualitative aspects of the immune response which 
are responsible for protective immunization. The mechanism(s) by which cholera 
toxin alters immune responses after oral immunization are complex and probably 
multifactorial. (See Holmgren et al, 1993, for a review of this subject.) One things 
seems certain: their inherent toxicity makes it unlikely that unmodified cholera 
toxin or heat-labile toxin will be acceptable adjuvants for use in humans, although 
a clinical trial is currently underway in humans evaluating heat labile toxin as a 
potential mucosal adjuvant. Cholera toxin and heat-labile toxin consist of 5 B 
subunits which bind the toxin to cellular ganglioside GMj, and one A subunit with 
ADP ribosylation activity which activates adenylate cyclase, thus raising intracel-
lular cyclic AMP levels and mediating the toxicity. Although there has been some 
controversy regarding the requirement for active A subunit for adjuvant activity, 
in nearly all cases at least a small amount of pharmacologic activity contributed 
by the A subunit has been present when adjuvant activity is observed. Early studies 
using a murine Sendai virus experimental system suggested that only a small 
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amount of A subunit activity may be required for the adjuvant effects (Liang et 
al, 1989), and additional studies have suggested that a small amount of active A 
subunit may synergize with larger amounts of B subunit in promoting enhanced 
immune responses (Tamura et al, 1994; Wilson et al, 1990). Numerous studies 
have suggested that purified B subunit might act as an oral adjuvant (Holmgren et 
al, 1993) but in most cases the B subunit preparations have been contaminated 
with small amounts of holotoxin. Indeed, it has been possible to successfully im-
munize mice against H. felis using commercially prepared, cholera toxin B subunit 
as an oral adjuvant (Lee and Chen 1994; Nedrud et al, 1995). However, in these 
cases contaminating A subunit probably played a critical role since when recombi-
nant cholera toxin B subunit devoid of any detectable ADP ribosylation activity 
was used, neither enhanced antibody responses nor protection from infection was 
observed (Nedrud et al, 1995). We can conclude from these studies that although 
toxin B subunits alone will probably not be successful oral adjuvants for a Helico-
bacter vaccine, very small amounts of added holotoxin such as might be present 
in B subunit purified from holotoxin may be enough to ensure a successful H, 
pylori vaccine. Such "purified" B subunit has minimal to no toxicity and has been 
safely administered to tens of thousands human volunteers (Clemens et al, 1988). 
Another approach for a safe version of a cholera toxin/heat-labile toxin mucosal 
adjuvant is to genetically detoxify the molecule by introducing point mutations at 
critical amino acid residues (Bumette, et al, 1991; Dickinson and Clements, 1995; 
Douce et al, 1995; Grant et al, 1994). With one exception, which involved intra-
nasal rather than oral immunization (Douce et al, 1995), a small amount of ADP 
ribosyl transferase activity was retained by mutants with adjuvant activity, al-
though all mutants tested were devoid of overt toxicity. In preliminary experi-
ments, we have used several of these genetically detoxified molecules as adjuvants 
to immunize and protect mice against H. felis infection (Nedrud and Cieplak, 
unpublished observations). 

In addition to vaccination, another area where immune and inflammatory re-
sponses may play an important role in Helicobacter infections is in disease patho-
genesis. Many more people are infected with H. pylori than progress to overt, 
severe disease requiring medical intervention. What are the factors which deter-
mine whether an infected individual will progress to severe disease? One possible 
factor is duration of infection. Virtually all infected individuals possess so-called 
active chronic inflammation (NIH Consensus Conference, 1994) which if given 
enough time might progress to atrophy, ulceration, or even gastric cancer. Another 
hypothesis suggests that phenotypic differences among bacterial isolates may be 
important in disease. Indeed, there is accumulating evidence that individuals in-
fected with strains of H pylori which express the vacuolating toxin vacA and/or 
the cytotoxin associated gene product cagA are more Hkely to develop peptic ul-
cers or gastric cancer than are individuals who are infected with vacA/cagA nega-
tive strains (Covacci et al, 1993; Cover and Blaser, 1995; Crabtree et al, 1991; 
Xiang et al, 1995). A third hypothesis to explain the varied clinical outcomes of 
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Helicobacter infection is that variation in the host response is important. We and 
others have been using the H. felis model described above to examine this possi-
bihty (Mohanmiadi et al, 1996; Sakagami et al, 1994). We looked at a series of 
inbred strains of mice (BALB/c, C3H, C57BL/6, and MHC congenic partners on 
the BALB/c and C57BL/6 backgrounds) infected with a single strain of H. felis. 
We observed that mice with a BALB/c background had minimal inflammatory 
responses after Helicobacter infection but that mice with a C57BL/6 background 
had much more severe inflanmiation (Table I). C3H mice also had more severe 
inflammation after infection with H. felis, which was partially ameliorated in mice 
which are nonresponsive to bacterial endotoxin (Sakagami et al, 1994). These 
results suggest that the nature of the host immune or inflammatory responses are 
also important in disease outcome after H. pylori infection of humans. It is proba-
ble that duration of infection, bacterial strain, and the host response all play a role 
in disease outcome after Helicobacter infection. 

To further investigate the role of the immune response in Helicobacter-2iSSOci-
ated disease, we have also begun to characterize cellular immune responses in the 
H. felis model. Initially, we did some studies in severe combined inmiunodeficient 
(SCID) mice on the BALB/c background. These animals have a minimal inflam-
matory response to Helicobacter Of interest, however, is that in SCIDs or non-
SCIDs, the inflammation was, for the most part, the same (Blanchard et al, 
1995b). This suggested that perhaps the inflammation associated with Helicobacter 
infection is T- and B-cell independent, and that perhaps the cellular immune re-
sponse does not play a significant role in disease pathogenesis. However, when the 
cellular immune response was examined in C57BL/6 mice, which exhibit severe 
inflammation after infection, the magnitude of the cellular response was found to 
correlate with the degree of inflammation. In addition, adoptive transfer of sensi-
tized lymphocytes from H. felis-inftctQd mice enhanced the inflammatory process 
when recipient mice were challenged with H. felis (Mohammadi et al, 1995). In 

TABLET 

SEVERITY O F INFLAMMATION AFTER 

HELICOBACTER INFECTION VARIES 

WITH THE M O U S E S T R A I N 

Mouse strain Inflammation score 

BALB/c 0.8 ± 0.6 
C3H 1.3 ±0.9 
C57BL/6 2.5 ± 0.5 

Note. Inbred mice were infected with a single isolate of 
H. felis and were sacrificed 11 weeks later. The intensity 
of inflammation was graded on a semiquantitative score 
of 0-3. 
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BALB/c mice where inflammation was minimal, the magnitude of the Helico-
bacter-^^tci^c lymphocyte stimulation was also lower. This mouse strain variation 
in the magnitude of the Helicobacter-spccific cellular immune response may be 
analogous to the human situation where the results are quite divergent. When one 
looks at the human response, there are some groups that identify a specific cellular 
response in positive patients, other groups suggest that there is a cellular response 
in both seropositive and seronegative patients, and a third group of investigators 
reports reduced cellular response in seropositive patients (Karttunen et al, 1990; 
Sharma et al, 1994; Tosi et al, 1992). 

A number of conclusions can be drawn from from these studies on the host 
immune response to Helicobacter infection. Natural infection or immunization re-
sults in a systemic and mucosal immune response of equivalent magnitude. How-
ever, there appears to be a qualitative difference in the inmiune response following 
immunization which results in protection. Specifically, antibodies against urease 
and perhaps other antigens appear to be prominent following immunization and 
may play a key role in prevention or protection from Helicobacter infection. Fi-
nally, the cellular immune response following infection and immunization requires 
further study to determine its role in protection and/or pathogenesis of Helicbacter 
infection. 
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Respiratory syncytial virus (RSV) is the most important cause of viral lower-respi-
ratory tract disease in infants and young children. It is estimated that 1 out of 100 
primary infections leads to hospital admission (Holberg et al, 1991) and substan-
tial mortality occurs in infants with underlying heart and lung disease (MacDonald 
et al, 1982; Groothuis et al, 1988). In addition to acute morbidity, there are long-
term consequences of RSV infection in infancy. RSV has been shown to predis-
pose to the development of hyperreactive airway disease (Hall et al, 1984), and 
recurrent episodes of wheezing in asthmatic children are often precipitated by RSV 
infection (Sly et al, 1989). The association between viral respiratory infections 
and asthma has been acknowledged for several decades. Viruses provoke wheezing 
in some asthma patients, and viral respiratory infections may also promote the 
development and intensity of airway hyperresponsiveness (Horn et al, 1975, 
1979). Common pathogenetic mechanisms link viral bronchiolitis in infancy and 
asthma in later life, both airway disorders associated with mucosal inflammation. 

Despite the large number of studies on the pathogenesis of RSV infection in 
humans and experimental animals, the mechanisms of the disease and the delicate 
balance between immunopathology and immunoprotection are not well under-
stood. 

I. INFLAMMATORY R E S P O N S E I N RSV D I S E A S E 

Postmortem studies in children have demonstrated that RSV bronchiolitis is char-
acterized by a peribronchiolar mononuclear infiltration with edema of the walls 
and surrounding tissue, necrosis of the epithelium of the small airways, and plug-
ging of the lumens by the necrotic material and mucus (reviewed in Hall, 1992). 
Several observations have suggested that immunologic mechanisms may play a 
key role in the severity of RSV lower respiratory tract disease. Children with RSV 
infection have been shown to develop an RSV-specific IgE response in the airway 

405 

Essentials of Mucosal Immunology Copyright © 1996 by Academic Press, Inc. All rights of reproduction in any form reserved. 



406 Roberto Garofalo and Pearay L. Ogra 

mucosa (Welliver et al, 1981). Virus-specific IgE appeared more frequently and 
in higher concentrations in patients with wheezing due to RSV infection than in 
patients infected with RSV who did not have wheezing. The degree of RSV-IgE 
responsiveness was highly correlated with severity of illness, as determined by the 
degree of hypoxia. In addition, the development of virus-specific IgE response 
correlated with increased concentrations of histamine in nasopharyngeal secretions 
(NFS) of patients with bronchiolitis. The fact that the RSV-IgE response was more 
strongly correlated with the degree of hypoxia than was the concentrations of 
histamine suggested that the release of other soluble mediators may play an 
equally important part in determining the severity of illness due to RSV infection. 
Indeed, leukotriene (LT)C4, a potent bronchoconstrictor metabolite of the arachi-
donic acid cascade in eosinophils, has been detected in samples of NFS obtained 
in the acute phase of RSV infection (Volovitz et al, 1988). Two-third of infants 
with bronchiolitis had detectable levels of LTC4 in NFS. Concentrations of LTC4 
in children with bronchiolitis were fivefold higher than those measured in children 
with upper respiratory illness. Moreover, LTC4 was found in 83% of the children 
developing an RSV-IgE response and quantities of LTC4 were correlated directly 
with the magnitude of the RSV-IgE response in secretions. LTE4, recently recog-
nized as a selective eosinophil chemotactic factor (Laitinen et al, 1993), and LTB4 
were also present in the respiratory tract at the time of RSV bronchiolitis (Garo-
falo et ah, 1991). Infants who developed an LTB4 response had lower arterial /7O2 
concentrations and individual concentrations of LTB4 significantly correlated with 
the degree of hypoxia. Since LTB4 has little or no bronchoconstrictor activity but 
is a potent inflammatory and immunomodulatory substance, the correlation of 
LTB4 concentrations with hypoxia may reflect the migration and activation of in-
flammatory cells, such as neutrophils and eosinophils, to the airway mucosa. In 
this regard, a massive infiltration of eosinophils has been described in postmortem 
lung specimens of children who were previously vaccinated with a formalin-inacti-
vated RSV vaccine (Kim et al, 1969). Recipients of this RSV vaccine preparation 
also had an increase in peripheral blood eosinophil counts at the time of subse-
quent naturally acquired RSV infection (Chin et al, 1969). In other studies, sam-
ples of NFS obtained from a group of children with various forms of illness re-
lated to RSV or bacterial pneumonia were tested for the presence of eosinophil 
cationic protein (ECF), a specific eosinophil granule-associated protein which 
plays an important role in the pathogenesis of asthma. Concentrations of ECF in 
children with bronchiolitis were significantly higher (169 ng/ml) than those in 
children with upper respiratory infection (43 pg/ml) or with lower respiratory dis-
ease but without wheezing (29 ng/ml). Negligible concentrations of ECF were 
found in children with bacterial pneumonia. Among those individuals with detect-
able concentrations of ECF, the degree of hypoxia was significantly correlated 
with the amount of ECF present in the respiratory tract, suggesting that eosinophil 
activation occurs in the respiratory tract during RSV bronchiolitis and may play a 
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significant role in the development of virus-induced airway obstruction (Garofalo 
et al, 1992). 

II. INTERACTION O F R S V WITH BASOPHILS 

AND E O S I N O P H I L S 

Common respiratory viruses such as influenza, rhinovirus, and RSV are capable 
of enhancing in vitro IgE-mediated histamine release from basophils in the pres-
ence (Ida et al, 1977) or absence (Chonmaitree et al, 1988) of interferon (IFN). 
Sendai virus-induced IFN can also augment the in vitro chemotactic response of 
basophils (Lett-Brown et al, 1981). Evidence suggesting that factors other than 
IFN may also play a role in virus-induced enhancement of histamine release has 
been reported (Busse et al, 1983). Furthermore, the observation that heat-, UV-, 
or ether-inactivated viruses were also able to enhance the IgE-mediated histamine 
release (Ida et al, 1977; Busse et al, 1983) raised the possibility that basophils 
could have been activated or primed by soluble factors released by epithelial cells 
in which viruses were grown and contaminating virus preparations used in those 
studies. To determine the nature of the interaction between viruses and eosinophils, 
we investigated in vitro whether eosinophils were activated with respect to oxida-
tive and nonoxidative metabolism after incubation with RSV (Kimpen et al, 
1992). Activation of normodense blood eosinophils obtained from healthy subjects 
was evident from the release of superoxide and LTC4. Using a cytochrome c re-
duction assay, superoxide could be detected in the cell supernatant 30 min after 
exposure to RSV. The magnitude of superoxide production due to RSV stimulation 
varied among the subjects but was clearly detectable in 63% of those tested. Fur-
thermore, the virus primed eosinophils to release significantly more superoxide on 
subsequent challenge with phorbol esters (PMA) and also sensitized eosinophils 
to release higher amounts of LTC4 in response to calcium ionophore A23187. 
Although we have demonstrated by immunofluorescence a direct interaction be-
tween RSV and eosinophils, the possibility that eosinophils, as previously men-
tioned for basophils, were indirectly activated by factors released by epithelial 
cells (Hep-2) employed for the preparation of the virus pools could not be ruled 
out at the time of those studies. 

III. RSV M O D U L A T I O N O F EPITHELIAL BARRIER F U N C T I O N 

Several studies suggest an association between respiratory infections and appear-
ance of allergic disease, especially in atopic individuals. Possible explanations for 
these observations include that viral agents induce an inflammatory response in 
the airway mucosa, or may alter the immune defense and act as adjuvants or as 
allergens (reviewed in Bjorksten, 1994). In addition, alteration of the permeability 
of the respiratory epithelial barrier during viral infections may have an important 
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role in the enhanced uptake of environmental antigens, thus facihtating access of 
antigens to local immunocompetent cells. 

We have shown that serum igG and IgE antibody response to ragweed antigen 
following primary exposure developed at significantly higher levels in mice in-
fected with RSV, compared to sham-infected controls (Leibovitz et al, 1988). In 
another study (Freihorst et al, 1988), mice that were exposed intranasally to OVA 
4-8 days after RSV infection attained significantly higher peak concentrations of 
OVA antigen in serum samples compared to uninfected animals. Furthermore, se-
rum IgG anti-OVA antibody titer was higher in RSV-infected animals 9, 16, and 
24 days after the last administration of OVA. IgE anti-OVA activity was deter-
mined in serum samples collected before RSV infection or sham infection and 17 
and 32 days postinfection. No anti-OVA-specific IgE activity was observed in 
RSV-infected or uninfected animals before and up to 9 days after administration 
of OVA with an adjuvant (aluminum hydroxide). However, half of the adjuvant-
treated, RSV-infected animals exhibited a detectable OVA-specific IgE response 2 
weeks later. 

Although our data clearly showed enhancement of systemic antigen uptake dur-
ing acute RSV infection, the histopathological findings of the lungs of RSV-in-
fected mice did not exhibit marked damage of the bronchioalveolar epithelium. 
The mechanisms underlying the increased antigen uptake observed could not be 
defined based on these data. However, several possible explanations may exist. 
These include suppression of phagocytic or mucociUary clearance of antigens, in-
creased permeability of the respiratory epithelium to concurrently available anti-
gens for local and systemic uptake and processing, or possible alterations of muco-
sal transportation mechanisms secondary to the release of pharmacologic 
mediators and cytokines during acute RSV infection (Ogra et al, 1984). The role 
of mucosal damage in the uptake of antigens has been investigated in a number 
of experimental models demonstrating that the macromolecular absorption across 
the alveolar capillary barrier may be controlled by inflammatory as well as immu-
nologic mechanisms (Gordon et al, 1983; Braley et al, 1979; Tenner-Raez et al, 
1979). Recently it has been shown that IFNy can significantly alter the barrier 
function of human intestinal epithelial monolayers, as evidenced by a dose-depen-
dent reduction in the transepithelial electrical resistance (Adams et al, 1993). This 
effect is not associated with epithelial cell death. Other proinflammatory cytokines 
which are produced in the mucosa (IL-1, IL-6, TNF, TGFj8) have not been investi-
gated to elucidate their effect on epithelial barrier function. 

IV. R O L E O F R E S P I R A T O R Y E P I T H E L I U M 

Respiratory epithelial cells are the primary target of viruses which enter the air-
way. RSV infection results from inhalation or self-inoculation of the virus into the 
nasal mucosa followed by infection of the local respiratory epithehum. Spreading 
along the respiratory tract occurs mainly by cell-to-cell transfer of the virus along 
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the intracytoplasmic bridges (Hall et al, 1981). The insult to the respiratory epi-
thehum which is induced by viruses and by a variety of environmental stimuli 
may be the initial "trigger" of airway inflammation. Several investigators have 
indeed demonstrated that airway epithelium can generate proinflammatory and im-
munomodulatory cytokines such as GM-CSF, IL-1, and IL-6, and the chemokines 
IL-8 and monocyte chemotactic protein (MCP)-l in response to a number of stim-
uli including inflammatory agents, injury, and microbial infection (Otsuka et al, 
1987; Ohtoshi et al, 1991; Marini et al, 1992; Churchill et al, 1992; Heis et al, 
1993; Arnold et al, 1993; Bromander et aU 1993; Cromwell et al, 1992; Standi-
ford et al, 1990, 1991). These studies suggest that respiratory epithelium is in a 
key position to induce and sustain inflammatory and immunological events in lung 
diseases such as asthma through the production of cytokines. GM-CSF is recog-
nized as an important factor for stimulating hematopoiesis and prolonging eosino-
phil survival (Ruef and Coleman, 1990). It also enhances LTC4 release (Silberstein 
et al, 1986) and eosinophil cytotoxicity (Lopez et al, 1986). At high concentra-
tions (produced locally during inflammation), GM-CSF can act as a true chemo-
taxin for eosinophils and can mediate eosinophil migration directly (Warringa et 
al, 1991). Although IL-8 is primarily considered to be a neutrophil-activating 
factor, under certain conditions IL-8 may have actions on eosinophils. Intraperito-
neal injection of IL-8 in the guinea pig causes a T cell and eosinophil infiltrate in 
the lung (Burrows et al, 1991), and induces bronchial hyperresponsiveness (War-
ringa et al, 1991). Eosinophils express functional IL-8 receptors, as shown by 
changes in [Ca^"^]! after IL-8 stimulation (Kemen et al, 1991). Furthermore, eo-
sinophils from normal donors respond chemotactically to IL-8 if preincubated with 
GM-CSF or IL-3 (Warringa et al, 1991). Other chemokines can activate lympho-
cytes and, in particular, basophil and eosinophil leukocytes. Among them 
RANTES, MCP-3, and MlP-la induce migration and activation of human eosino-
phils (Rot et al, 1992). Finally, many of the specific biologic effects attributable 
to IL-1 share the common feature of promoting inflanmiation. Indeed, IL-1 can 
induce cytokine genes, protein synthesis and secretion in a wide variety of cell 
types, increases the expression of adhesion molecules on endothelial cells, and 
modulates other cell surface molecules which are critical for cell-cell interaction 
(reviewed in Dinarello, 1992). 

V. T R A N S E N D O T H E L L ^ L M I G R A T I O N O F E O S I N O P H I L S 

The movement of leukocytes from blood into tissue is a characteristic feature of 
inflammation (Rot, 1992). For neutrophils, endothelial-dependent adherence repre-
sents the initial step in the emigration process that is governed by the endothelial 
barrier (Moser et al, 1989). Adherence of human eosinophils to cultured endothe-
lial cells has many of the same functional and molecular characteristics as neutro-
phil-endothelial cell adherence. With respect to the repertoire of adhesion mole-
cules involved, eosinophil adherence requires expression and/or functional 
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activation of CDllb/CD18 (Lamas et al, 1988), which is known to bind to the 
intercellular adhesion molecule-1 (ICAM-1) expressed on the endothelium. ICAM-
1 has been shown to be crucial for eosinophilic infiltration in a primate model 
of asthma (Wegner et al, 1990). Blood eosinophils can also bind to endotheUal 
leukocyte adhesion molecule-1 (ELAM-1) (Weller et al, 1991). Recently, the 
involvement of vascular cell adhesion molecule-1 (VCAM-1) was shown for 
eosinophil adherence. On the endothelial surface, VCAM-1 (Dobrina et al, 1991) 
interacts with the jSj-integrin VLA-4, which is expressed on eosinophils but not 
on neutrophils. In addition, some attractants molecules have been shown to exert 
their effect while being expressed on the endothelial cell surface ("signaling" mol-
ecules). IL-8 expressed on the endothelial surface have been shown to induce 
neutrophil transmigration (Huber et al, 1991). 

A model of events that lead to virus-induced asthma can be hypothesized as 
follows: (1) the airway epithelium is infected by viruses, (2) cytokines and other 
proinflammatory mediators are released, and (3) these factors upregulate adhesion 
molecules and signaling molecules on vascular endotheUal cells; these induce (4) 
extravasation of inflammatory cells such as eosinophils and (5) their functional 
activation. 

Thus, to understand the relevance of cytokines to the mucosal inflammation 
that characterizes virus-induced asthma, we have investigated the expression and 
release of chemokines, colony-stimulating factors and of IL-1, IL-6, and TNF by 
airway epithelial cells infected with RSV. The biological function of these cyto-
kines for blood eosinophil migration, survival, and cytotoxycity will be discussed. 

VI. C Y T O K I N E P R O D U C T I O N B Y R S V - I N F E C T E D AIRWAY 

E P I T H E L I A L C E L L S 

Chemokines are a recently discovered class of small cytokines (92-99 amino 
acids) which have a common structure with four conserved cysteines, a short 
amino-terminal and a longer carboxy-terminal sequence (reviewed in Baggiolini 
and Dahinden, 1994). Two subfamilies are distinguished by the arrangement of the 
fist two cysteines, either separated by one amino acid (CXC) or adjacent (CC). 
CXC chemokines have biological activities similar to those of IL-8. Other mem-
bers of this subfamily are the three closely related proteins GROa, GR0j8, and 
GROy, epithehal-cell-derived neutrophil-activating protein (ENA-78), and granu-
locyte chemotactic protein 2 (GCP-2). Prototype members of the CC chemokine 
subfamily, once identified as histamine-releasing factors, are the macrophage in-
flammatory protein-la (MlP-la), the monocyte chemotactic protein 1 (MCP-1), 
and RANTES. The CC chemokines have a selective effect on basophil and eosino-
phil chemotaxis and activation, and we hypothesized that they may play a central 
role in the pathogenesis of RSV-induced bronchiolitis. To investigate the expres-
sion and release of chemokines by RSV-infected airway epithelium, Hep-2 (lar-
ynx), A549 (alveolar type II), BEAS-2B (bronchial), and normal human bronchial 
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epithelial cells (NHBC) were employed in these studies. Confluent monolayers of 
epithelial cells were infected with sucrose density-gradient-purified RSV and the 
conditioned media were tested for the presence of immunoreactive chemokines by 
ELISA. Results of these experiments are summarized in Table I. Negligible levels 
of IL-8 were detected in uninfected monolayers. Following RSV infection high 
levels of IL-8 were produced by all of the epithelial cell lines and by NHBC. The 
IL-8 concentrations peaked at 48 hr postinfection, when the monolayers of showed 
>90% cytopathic effect (CPE) (Garofalo et al, 1993). These results have been 
corroborated by other investigators (Arnold et al, 1994; Noah and Becker, 1993). 
Steady-state mRNA levels of IL-8 gene following RSV infection have also been 
investigated using reverse transcriptase-polymerase chain technique (RT-PCR). 
A549 epithelial cells were infected with RSV and at specific time intervals RNA 
was extracted and RT-PCR was performed using primers specific for human 
IL-8. RSV caused a rapid rise in IL-8 mRNA levels by 4 hr, and continued IL-8 
mRNA expression was observed at 24 and 48 hr postinfection. In preliminary 
experiments we have also shown that GROa is produced by RSV-infected A549 
and NHBC. 

Two members of the CC chemokine subfamily, MlP-la and MCP-1, were not 
detected in uninfected or RSV-infected BEAS-2B and NHBC. On the other hand, 
A549 released significant amounts of both chemokines starting at 24-36 hr postin-
fection. RANTES was strongly induced in both bronchial cells and A549 cells by 
RSV infection, reaching levels greater than 3000 pg/ml at 48 hr postinfection. The 
levels of RANTES production were greater than those obtained by exposing A549 
cells to optimal concentrations of IL-1 and TNFa, two potent agonists of epithelial 
cell function. Viral replication seems to be essential for RANTES generation be-
cause the inactivation of RSV by UV-light treatment completely blocked the re-
lease of this chemokine. 

Cytokines with important proinflammatory and immunoregulatory activity were 
also investigated using the A549 cell model. Cytokine mRNA signals were sought 
using the RT-PCR technique. Uninfected A549 showed small quantities of IL-1 a 
and TNFa mRNA, whereas the mRNA for IL-1^ was detected in somewhat greater 

TABLE I 

CHEMOKINES PRODUCED BY RSV-INFECTED EPITHELIAL CELLS 

Cell source 

A549 
Hep-2 
BEAS-2B 
NHBC 

IL-8 
(ng/ml) 

13.6 ± 4.6 
9.56 ±1.6 
1.65 ±0.16 
1.05 ±0.06 

GROa 
(ng/ml) 

2.2 
NT 
NT 
2.1 

RANTES 
(pg/ml) 

3268 ± 406 
NT 

4141 ± 758 
3039 ± 293 

MlP-la 
(pg/ml) 

641 ± 83 
NT 
-
— 

MCP-1 
(pg/ml) 

2025 
NT 
-
— 

Note. NT, Not tested; - not detected. 
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quantity. Within 4 hr of RSV infection, however, the amounts of mRNA for all 
three cytokines was increased, which continued over the next 48 hr (Patel et al, 
1995). Supematants from 48-hr RSV-infected cells were also screened for the pres-
ence of immunoreactive IL-1 (a and j8 forms), TNFa, and IL-6 by ELISA (Table 
II). Mean concentrations of 121 pg/ml of IL-1 a, 19pg/ml of IL-1^, and 77 pg/ml 
of TNFa were measured in the supematants. IL-6 was undetectable in uninfected 
cells but RSV infection induced the release of more than 500 pg/ml. 

Colony-stimulating factors (CSF) are growth factors which control proliferation 
of stem cells and differentiation along the granulocyte pathway. The CSF are fur-
ther defined by the types of granulocyte colonies they induce in culture and in-
clude neutrophil colony-stimulating factor (G-CSF), macrophage colony-stimulat-
ing factor (M-CSF), and granulocyte-macrophage colony-stimulating factors (GM-
CSF). These colony-stimulating factors are known to be released from stromal 
cells and airway epithehal cells (Ohtoshi et al, 1991). As previously discussed, 
GM-CSF modulates the function of eosinophils and therefore can play a profound 
role in regulating the presence and survival of these cells in the airway mucosa. 
As shown in Table III, infection with RSV induced the release of significant 
amounts of GM-CSF and G-CSF from A549 and from bronchial epithelial cells. 
Detectable levels of GM-CSF were present in the supernatant starting at 12 hr 
postinfection. 

VII. B I O L O G I C A L F U N C T I O N O F R S V - I N D U C E D E P I T H E L I A L 

C E L L C Y T O K I N E S 

The evidence of a profound biological activity of cytokines released by RSV-
infected respiratory epithelium comes from recent studies in which the effect of 
RSV infection on expression of ICAM-1 in A549 cells was evaluated (Patel et al, 
1995). Conditioned RSV media (cRSV), produced from growth of RSV in A549 
cells, induced a significant increase in the expression of ICAM-1. Treatment of 
the cells with noninfectious cRSV prepared by UV irradiation (UV-cRSV) resulted 
in expression of ICAM-1 to a similar extent as the infectious cRSV These results 

TABLE II 

INFLAMMATORY/IMMUNOMODULATORY CYTOKINES 

IN A549 CELLS 

Cytokines (pg/ml) Uninfected RSV-infected 

IL-1 a 
IL-lj8 
IL-6 
TNFa 

10.1 ± 1.4 
0.9 ±0.1 

— 
7.5 ± 0.7 

121.3 ±42.4 
18.7 ± 13 
597 ±51 

76.6 ±18.4 

Note. —, not detected. 
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TABLE III 

GROWTH FACTORS PRODUCED BY RSV-INFECTED 

EPITHELIAL CELLS 

Cell source 

A549 
Hep-2 
NHBC 
BEAS-2B 

GM-CSF 
(pg/ml) 

12 ±5.6 
103 ± 10 
157 ± 64 

NT 

G-CSF 
(pg/ml) 

2345 
NT 
141 
— 

Note. NT, not tested; - , not detected. 

suggested that RSV induces the synthesis of a soluble mediator(s) which regulates 
the expression of ICAM-1. Preincubation of UV-cRSV with soluble IL-1 receptor 
almost completely blocked the enhancement of ICAM-1 expression. Preincubation 
with neutralizing antibodies to IL-1 a and -j8 and TNFa showed that the predomi-
nant ICAM-1-enhancing soluble mediator in UV-cRSV was IL-1 a. These experi-
ments provide direct evidence for an autocrine mechanism of enhanced ICAM-1 
expression in RSV-infected epithelial cells that is mediated primarily by IL-1 a. In 
addition, these findings may explain why neutrophils attach more avidly to and 
induce cytotoxicity in RSV-infected epithelial cells (Faden et al, 1984). It is likely 
that this neutrophil-epithelial interaction occurs in part due to attachment of (32 
integrin molecules on neutrophils with their ligand, ICAM-1, on epithelial cells. 
The expression of accessory molecules such as ICAM-1 on respiratory cells may 
also be required for directed cell-mediated cytotoxicity by RSV-specific cytotoxic 
T lymphocytes which could result both in the elimination of infected cells and in 
the concomitant damage to the uninfected respiratory mucosa. 

In other studies, human microvascular lung endothelial cells (HMVEC) and 
human umbilical vein endothelial cells (HUVEC) were grown to confluence and 
tested for the expression of cell-adhesion molecules using cell-based ELISA and 
flow cytometry. HMVEC expressed about 5-fold higher levels of ICAM-1 com-
pared with HUVEC, whereas we found minimal basal expression of E-selectin on 
either HMVEC or HUVEC. Basal expression of VCAM-1 was also very low on 
both endothelial cells. ICAM-1 and E-selectin were increased significantly on both 
HMVEC and HUVEC after treatment with IL-la (100 U/ml) and TNFa (250 U/ 
ml) or with IFNy (100 U/ml) (Fig. 1). The expression of E-selectin on cytokine-
stimulated endothelial cells was transient with maximal expression at 4-6 hr, 
whereas the expression of ICAM-1 was strongly induced and sustained for 24-48 
hr after stimulation. We could not demonstrate a strong induction of VCAM-1 
after cytokine stimulation. When monolayers of HMVEC and HUVEC were ex-
posed to UV-treated conditioned media (20%) obtained from RSV-infected normal 
human bronchial epithelial cells or A549, expression of ICAM-1 and E-selectin 
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was augmented compared to resting cells. As shown in Fig. 1, HUVEC expressed 
about 10-fold higher levels of ICAM-1 and 11-fold higher levels of E-selectin 
after exposure to RSV-conditioned epithelial cell supernatant for 4-6 hr (ICAM-1 
and E-selectin) and 24-40 hr (ICAM-1). Similar results were obtained in experi-
ments employing HMVEC. Following exposure to RSV-conditioned supernatant 
the expression of E-selectin was transient, whereas the expression of ICAM-1 was 
sustained for 2 4 ^ 0 hr on both endothelial cell types, as we observed in cytokine 
stimulation. VCAM-1 expression was slightly increased on HUVEC after 24 hr 
exposure to RSV-conditioned supernatant. Based on the observation that exoge-
nous IL-la increases ICAM-1 and E-selectin expression on HMVEC and HUVEC 
and that immunoreactive and bioactive IL-la activity is present in the supernatant 
of RSV-infected airway epithelial cells, we postulated that IL-la was responsible 
for the enhanced adhesion molecule expression following exposure to RSV-condi-
tioned media. Therefore, the effect of neutralization of IL-la was examined. Incu-
bation of RSV-conditioned media with a monoclonal Ab anti-IL-la (5 /xg/ml), 
prior to the addition to endothelial cell monolayers, completely blocked the upreg-
ulation of E-selectin on both HMVEC and HUVEC. Furthermore, monoclonal Ab 
anti-IL-la blocked >90% of ICAM-1 upregulation on HUVEC (HMVEC not 
tested) following exposure for 24 hr to RSV-conditioned media (Fig. 1). 

These investigations have established an in vitro model to address the role of 
RSV-infected respiratory epithelial cells in modulating expression of pivotal adhe-
sion molecules on endothelial cells. Following a respiratory viral infection, cytok-
ines produced and released by the airway epithelial cells can induce or enhance 
the expression of ICAM-1 and E-selectin molecules on endothelial cells, events 
which may lead to the transendothelial migration of blood leukocytes by a T-cell-
independent mechanism. 

Evidence of biological function of cytokines released by RSV-infected respira-
tory epithelium comes also from recent studies in which we have investigated the 
in vitro survival of human eosinophils (Garofalo et al, 1995). Blood eosinophils 
were isolated from healthy donors by discontinuous PercoU gradients, and both 
normodense and hypodense populations were further purified (>98%) by immuno-
magnetic selection (MACS). Eosinophils were then cultured for 9 days in the 
presence of medium alone (RPMI with fetal calf serum), conditioned medium of 
uninfected normal human bronchial cells (20%), UV-irradiated conditioned me-
dium of RSV-infected NHBC (20%) (RSV-epi), or granulocyte macrophage-col-
ony stimulating factor (rhGM-CSF) (40 pg/ml) (Fig. 2). Starting from Day 3 and 
then at Days 4 and 5 postisolation, the number of viable eosinophils (expressed as 
mean percent survival of cultured eosinophils) was significantly higher in cultures 
with RSV-epi (86, 79, and 73, respectively) then in those containing either me-
dium alone (44, 16, 5) or uninfected NHBC supernatant (62, 23, 13) (P<0.01). 
By Day 7, 72% of eosinophils cultured with RSV-epi were still viable vs only 5% 
of the eosinophils cultured with medium alone or with uninfected NHBC cell 
supernatant. Polyclonal anti-GM-CSF antibody (4 /xg/ml) completely neutralized 
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FIGURE L Surface expression of ICAM-1 (a) and E-selectin (b) on HUVEC by flow cytometry. 
Composite quantitative fluorescence values expressed as mean ± SEM, Ctrl, resting cells; IFN y, cells 
stimulated for 24 hr with 100 U/ml of IFN 7; RSV, cells exposed to UV-irradiated conditioned medium 
of RSV-infected NHBC for 6, 16, 24, or 40 hr; RSV + anti-IL-la, cells exposed to UV-irradiated 
conditioned medium of RSV-infected NHBC which was preincubated with a neutralizing monoclonal 
anti-IL-la antibody. 
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FIGURE 2. Eosinophil survival assay by trypan blue exclusion. Eosinophils were cultured for 9 days 
in the presence of medium alone (open triangles), UV-irradiated conditioned medium of RSV-infected 
NHBC (filled squares), recombinant human GM-CSF (filled triangles), or UV-irradiated conditioned 
medium of RSV-infected NHBC which was preincubated with a polyclonal-neutralizing anti-GM-CSF 
antibody (open squares). 

the effect of RSV-epi on eosinophil survival. The results of this study demonstrate 
that eosinophil survival is sustained by GM-CSF released by RSV-infected epithe-
lial cells. 

VIII. C O N C L U D I N G REMARKS 

Airway inflammation is a characteristic feature of RSV infection. Infiltration of 
the respiratory mucosa by activated mononuclear leukocyte, basophils, and eosino-
phils has been demonstrated by histological studies and by the presence of cell-
specific inflammatory mediators in nasopharyngeal secretions of children with 
more severe forms of RSV-induced respiratory disease. Studies in vitro have also 
shown that RSV can modulate the biological function of basophils and eosinophils 
by inducing release from infected respiratory epithelial cells of chemokines (i.e., 
RANTES) with discrete target-cell selectivity. Although the mechanisms that lead 
to the accumulation of circulating blood leukocytes within the airway mucosa are 
still incompletely understood, our investigations suggest that IL-1, generated by 
respiratory epithelium following RSV infection, may regulate eosinophil extrava-
sation by modulating expression of pivotal endothelial cell adhesion molecules 
(ICAM-1 and E-selectin). Growth factors such as GM-CSF released by RSV-in-
fected epithelial cells may also promote survival and activation of eosinophils in 
the airway mucosa and induce the maturation of tissue-resident progenitor cells. 
Furthermore epithelial cell-driven mucosal inflammation induced by RSV infection 



29. Respiratory Syncytial Virus Infection 417 

may provide an explanation for the increased permeability of the respiratory epi-
thelium to concurrently available antigens, well beyond the apparent histological 
damage induced by the virus itself. In this way, antigen processing and presenta-
tion and type of secretory/cellular local and systemic inmiune responses ultimately 
could be altered at the time of an acute viral infection. In conclusion, respiratory 
epithelial cells, through the expression and release of chemokines, immunomodu-
latory cytokines, and growth factors in response to infection with RSV, may con-
trol the selective concentration and activation of leukocytes and the type of anti-
gen-specific immune response, thus contributing to the initiation and maintenance 
of harmful inflammatory processes within the airways. 
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I. INTRODUCTION 

The gut-associated lymphoid tissue (GAUT) comprises an enormous amount of 
immune cells and the rectal mucosa is most likely the portal of entry of human 
immunodeficiency virus (HIV) in the major risk group for HIV infection in indus-
trialized countries, namely, homosexual and bisexual men. In addition, the gastro-
intestinal tract is a common site of opportunistic infections and malignancies de-
fining acquired immunodeficiency syndrome (AIDS). During the course of HIV 
infection most patients develop gastrointestinal symptoms. In Europe and North 
America about 18-50% of HIV-infected patients suffer from diarrhea (Quinn et 
al, 1987; Heise et ah, 1988; Rene et al, 1989); in developing countries like Zaire 
or Haiti the percentage of AIDS patients with diarrhea is about 90% (Malebranche 
et al, 1983; Colebunders et al, 1988). Thus, the intestinal immune system is 
substantially involved in the course of HIV infection. 

Most of our current knowledge on the immunopathogenesis of HIV infection 
comes from in vivo and in vitro studies of circulating immune cells. From these 
studies, a common pattern of the development from HIV infection to the outbreak 
of full-blown AIDS can be recognized. HIV may enter the host by direct inocula-
tion in the blood stream or by close contact with mucosal surfaces. In the periph-
eral blood HIV infects the helper/inducer subset of T lymphocytes by the high-
affinity binding of its envelope glycoprotein, gpl20, to the CD4 molecule (Dag-
leish et al, 1984). The CD4 receptor is present in high density on the helper T 
lymphocyte subset, in a lower density on many cells of the monocyte-macrophage 
lineage, and on certain other cell types. CD4"^ memory T cells appear to be pre-
fentially infected (Schnittman et al, 1990). Because most mucosal T cells are 
memory T cells (Schieferdecker et al, 1992) they may be likely targets for infec-
tion. After entry of HIV into the target cell, infection may remain latent. However, 
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as shown recently in this so-called latent phase an enormous struggle takes place 
between the virus and the immune system (Ho et al, 1995; Wain-Hobson, 1995; 
Wei et al, 1995). T-cell activation is thought to be a crucial event in the enhance-
ment of viral replication mediated by the interaction of cellular regulatory proteins 
(e.g., the transcription factor NFKB) with specific DNA sequences of the HIV 
long-terminal repeat (Nabel and Baltimore, 1987; Nabel, 1991). Thus, replication 
of HIV is dependent on the state of activation of T cells. Recent studies have 
demonstrated that during the clinical latent phase of HIV infection, when only 
minor amounts of HIV can be detected in the peripheral blood, a high virus load 
and an accelerated virus replication can be observed in the lymph nodes (Pantaleo 
et al, 1991, 1993a; Embretson et al, 1993). During this period of HIV infection 
which usually lasts about 10 years CD4 depletion continues and is more pro-
nounced in the intestinal mucosa than in the peripheral blood (Lim et al, 1993a; 
Schneider et al, 1995). Due to the central role of CD4"^ lymphocytes in both 
cellular and humoral immunity the depletion or functional impairment of this T-
cell subset by HIV leads to the severe immunodeficiency seen in patients with 
AIDS (Dagleish et al, 1984; Rosenberg and Fauci, 1989; Pantaleo et al, 1993b; 
Weiss, 1993). Disturbed function and loss of CD4'^ T cells may also be of special 
importance for immunoregulation at mucosal surfaces, since activated CD4'^ 
memory T cells predominate in this compartment of the immune system (Zeitz et 
al, 1988, 1989; Schieferdecker et al, 1992). 

In this chapter, data on mucosal HIV load in comparison to the peripheral blood 
will be given. Then, consequences of HIV infection on the mucosal T-cell response 
and the humoral immune response will be discussed. Finally, data will be pre-
sented which indicate that intestinal mucosal structure and function are disturbed 
in HIV-infected patients. 

II . H I V - I N F E C T I O N O F T H E I N T E S T I N A L M U C O S A 

Several studies using different methods have demonstrated the presence of HIV 
proteins or nucleic acids in the intestinal mucosa (Nelson et al, 1988; Fox et al, 
1989; Ullrich et al, 1989; Jarry et al, 1990; Kotler et al, 1991, 1993; Clayton et 
al, 1992; Ehrenpreis et al, 1992; Gill et al, 1992; Becker et al, 1994) (Fig. 1). 
The infected cells are not definitely characterized. However, most authors agree 
that mononuclear cells in the lamina propria (morphologically assessed as lympho-
cytes or macrophages) are infected by HIV. In some studies HIV-infected epithelial 
cells or enterochromaffine cells were identified as well. The role of epithelial cells 
as targets of HIV infection in vitro is still controversial. In vitro studies have 
shown that epithehal cells can be infected by HIV (Adachi et al, 1987; Bourin-
baiar and Phillips, 1990, 1991; Fantini et al, 1991), even in the absence of CD4 
expression (Yahi et al, 1992). Two early studies, both employing DNA probes and 
in situ hybridization, reported a preponderance of HIV-infected epithelial com-
pared with lamina propria cells (Mathijs et al, 1988; Nelson et al, 1991), while 
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FIGURE L Summary of the studies investigating intestinal jucosal HIV infection in humans. The y 
axis gives the percentage of HIV-positive tissue samples of HIV-infected patients. (Methods for detec-
tion of HIV in the mucosa: ISH, in situ hybridization; IH, immunohistology; ELISA, enzyme-linked 
immunosorbent assay for p24; EM, electron microscopy; TC, tissue culture; PCR, polymerase chain 
reaction. Identification of HIV-infected cells: LPMC, lamina propria mononuclear cells; E, enterochro-
maffin cells; EC, epithehal cells.) 

in another small series HIV RNA was found in enterocytes of only one of eight 
patients and in considerably smaller quantity compared with infected lamina pro-
pria cells (Heise et al, 1991). Larger studies very rarely (if at all) detected HIV-
infected cells in the epithelial layer by different methods (Fox et al, 1989; Ullrich 
et al, 1989; Jarry et al, 1990). Thus, HIV infection of epithelial cells seems to be 
scarce in vivo. HIV infection of follicular dendritic cells in intestinal lymph folli-
cles has also been reported (Jarry et al, 1990; Racz, 1990). The role of these cells 
in the afferent part of the intestinal immune system makes them likely candidates 
for very early and persistent infection with HIV during anal intercourse which 
could lead to a continuing infection of T cells in the lymphoid follicles. In a recent 
study on the lamina propria of esophageal mucosa from AIDS patients HIV could 
be detected in macrophages but not in lymphocytes by in situ hybridization meth-
ods combined with immunohistology (Smith et al, 1994). In rhesus macaques 
intravenously infected with the simian immunodeficiency virus (SIV), SIV could 
be detected in macrophages and T lymphocytes of the intestinal lamina propria as 
early as 1 week after infection (Heise et al, 1994). This indicates a very fast in-
vasion of the virus in the intestinal mucosa even in the case of parenteral infection. 

Direct in vitro infection of human fetal small- and large-intestinal explants was 
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demonstrated recently (Fleming et al, 1992). In these experiments it was shown 
that normal fetal intestinal mucosa can be productively infected by HIV-1, and 
that only cells of the intestinal immune system like macrophages and T cells are 
targets of infection when a T-cell tropic HIV strain was used. Interestingly, colonic 
tissue showed a smaller increase in reverse transcriptase activity and p24 antigen 
production than the corresponding small-intestinal explants, suggesting that viral 
replication may be accelerated in the small intestine (Fleming et al, 1992). This 
is in good agreement with our observation that there is a massive and early loss 
of CD4^ T cells in the small intestine of HIV-infected humans (Schneider et al, 
1995) as discussed later. 

The high virus load and accelerated virus replication in lymph nodes during the 
clinical latent phase of HIV infection (Pantaleo et al, 1991, 1993a; Embretson et 
al, 1993) is probably also true for the intestinal mucosa. Studies comparing the 
amount of HIV in the intestinal mucosa with the peripheral blood using a p24 
capture assay (Kotler et al, 1991), in situ hybridization (Smith et al, 1994), or 
polymerase chain reaction (PCR) (Becker et al, 1994) have clearly shown a 
higher virus load in the intestine. In addition, Smith and co-workers found a higher 
prevalence of HIV-1 mRNA-expressing cells in esophageal mucosa of AIDS pa-
tients than in lymph notes from AIDS patients (Smith et al, 1994). Thus, the 
intestinal mucosa is heavily infected by HIV and may represent an important reser-
voir for HIV 

It is unclear, so far, how HIV infects cells in the intestinal mucosa. HIV enters 
the host by direct inoculation in the blood stream or via mucosal surfaces. If the 
infection takes place in the rectal or vaginal mucosa the virus has to pass the 
epithelial layer. Several posibilities have been proposed by in vitro studies. Like 
other antigens HIV may be taken up by the specialized dome epithelial cells of 
Peyer's patches and lymphoid follicles in the colon and rectum, the microfolded 
(M) cells. These cells are adapted to transport luminal antigens including viruses, 
bacteria, and even small parasites (Owen and Jones, 1974). M-cell uptake of HIV 
has been shown in an electromicroscopic in vitro study using rabbit intestine (Am-
erongen et al, 1991). HIV infection of T cells may then occur in the follicle and 
the infected T cell may pass through the mesenteric lymph node, the thoracic duct, 
and the peripheral blood, migrating back to the lamina propria (Fig. 2). By this 
route HIV infection even of distant mucosal sites as the duodenal mucosa could 
be explained. 

Another posibility is the uptake of HIV-anti-HIV antibody complexes via Fc 
receptors, which are present on the rectal mucosal epithelium (Hussain et al, 
1991; Lehner et al, 1991). Furthermore, in vitro data suggest an alternative HIV 
receptor of the galactosyl ceramide type on enterocytes (Fantini et al, 1991; Yahi 
et al, 1992). From the infected epithelial cells the virus may reach lamina propria 
T cells by basal budding (Fantini et al, 1991). Finally, the high risk of HIV 
transmission during anal intercourse might be due in part to traumatic lesions of 
the rectal mucosa (Kingsley et al, 1987). 
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FIGURE 2. Hypothetic model of mucosal HIV infection and accumulation. HIV may be transported 
by M cells in the foUicular-associated epithelium into the Peyer's patches or other organized lymphoid 
follicles where follicular dentridic cells may be infected. These cells transmit HIV to T cells which 
migrate back like the uninfected T cells to mucosal surfaces after circulation through the peripheral 
blood. Since the T cells coming from the mucosa are mainly activated memory T cells, they may be 
preferentially infected with HIV and an accumulation of HIV-infected T cells may occur in the intestine 
after homing. Furthermore HIV may directly enter the lamina propria through epithelial cells and infect 
the lamina propria lymphocytes or enter this compartment through traumatic lesions of the surface. 

III. MUCOSAL IMMUNE SYSTEM IN HIV INFECTION 

A. Intestinal Cellular Immunity 

Immunological abnormalities of the intestinal mucosa in HIV infection have been 
studied mainly by phenotypical analysis of cryostat sections by immunohistology 
(Rodgers et al, 1986; Budhraja et aU 1987; Ellakany et al, 1987; Jarry et al, 
1990; Ullrich et al, 1990; Lim et al, 1993a,b) or on isolated lymphocytes by 
flow cytometry (Schneider et al, 1994, 1995). A decreased CD4/CD8 ratio and a 
proportional increase in CD8'*" cells were consistently found. However, there was 
a large variation in the degree of the 004"^ T-cell depletion in the lamina propria, 
especially in the immunohistological studies which might be due to small numbers 
of patients studied and technical difficulties. Downregulation of CD4 is well docu-
mented in HIV infection, especially in the absence of cytopathic effects (McDou-
gal et al, 1985; Stevenson et al, 1987). In vitro studies have shown that CD4 in 
HIV-infected T cells is trapped intracellularly and not transported to the cell sur-
face (Schneider et al, 1992). Therefore the variable decrease in mucosal CD4^ 
cells reported by different groups using immunhistology might be explained 
partially by a variable detection of intracellular CD4 depending on the sensitivity 
of the method used. On the other hand, in some studies €04"^ macrophages 
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might have been mistaken for CD4^ T cells since immunohistology was per-
formed without double staining as discussed by Lim and co-workers (Lim et ai, 
1993a). 

An intraindividual comparison of lymphocytes isolated simultaneously from the 
peripheral blood and duodenal mucosa of HIV-infected patients employing three-
color flow cytometry revealed a pronounced depletion of mucosal CD4"^ T cells 
even in early stages of the disease not correlating with the peripheral blood 
(Schneider et al, 1995) (Fig. 3). In this study nearly all HIV-infected patients had 
CD4 levels of T cells in the duodenal mucosa below 5%. Some patients with 
relatively preserved CD4"^ T cells in the peripheral blood and a CD4"^ T-cell 
depletion of about 1% in the duodenal mucosa already had opportunistic agents 
like microsporidia or CMV, indicating that peripheral blood CDA^ T-cell counts 
may be misleading in assessment and prediction of intestinal HIV disease. 

Memory T cells have been defined by their high expression of CD45R0 and 
CD29 and the absence of CD45RA (Sanders et al, 1988). Intestinal T cells which 
are virtually all CD45RO^ and CD45RA~ differ from circulating memory T cells 
as they do not express CD29 in high density (Schieferdecker et al, 1992). The 
reduced expression of CD45RO and CD29 on intestinal T cells in HIV infection 
(Schneider et al, 1994) (Table I) could result from a preferential loss of differenti-
ated CDA^ memory T cells as described in the peripheral blood (Van Noesel et 
al, 1990). The decreased proportion of intestinal CD4 T cells expressing CD29 in 
AIDS patients is in accordance with this hypothesis; however, the proportion of 
CD45RO, CD45RA, and HML-1 was not altered on the remaining intestinal CD4 
T cells in HIV infection (Schneider et al, 1994) (Table I). Thus, depletion of 
intestinal CD4 T cells seems to be the predominant effect of HIV infection. 

008"^ T cells are consistently increased in the intestinal mucosa of HIV-in-
fected patients compared to controls. Within the CD8 population, activated HLA-
DR+ CD8+ T cells and cytotoxic CDlla+ CD8+ T cells are elevated (Schneider 
et al, 1994) (Table I). These activated cytotoxic CD^^ T cells may recognize 
HIV antigens (Walker et al, 1988; Culmann et al, 1989; Nixon and McMichael, 
1991; Kundu and Merigan, 1992) and play a role in the control of HIV infection, 
but they could also be harmful by damaging the intestinal epithelium as in HIV-
associated alveolitis (Autran et al, 1988). 

Natural killer cells which can ehminate virally infected and tumor cells are 
reduced in the intestinal mucosa of AIDS patients, which may further facilitate 
infections and malignancies in the intestine (Schneider et al, 1994). Macrophages 
of the intestinal mucosa in HIV-infected patients are also impaired, as shown by 
the reduction of the antigen-presenting subset (Lim et al, 1993b). Thus, it is obvi-
ous that the cellular mucosal immune response in HIV-infected patients is severely 
disturbed and is unable to control effectively malignancies and infections in the 
gastrointestinal tract of AIDS patients. 
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FIGURE 5. Flow cytometric analysis of peripheral blood and duodenal T cells in a control person, 
an asymptomatic HIV-infected patient, and an AIDS patient. T cells were isolated simultaneously from 
peripheral blood and uodenal biopsies and stained with fluoresceinated antibodies to CD4, CDS, and 
CD3. The proportion of CDS"^ T cells expressing CD4 (y axis) and CDS (x axis) was determined by 
three-color flow cytometry. The decrease in CD4'^ T cells was more pronounced in the duodenum 
than in the peripheral blood even in the asymptomatic HIV-infected patient (modified from Schneider 
et at, 1995). 
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TABLE! 

PHENOTYPICAL CHARACTERISTICS O F ISOLATED DUODENAL 

INTESTINAL LYMPHOCYTES O F HIV- INFECTED PATIENTS COMPARED 

WITH CONTROLS BY THREE-COLOR CYTOFLUOROMETRY 

Proportion of lymphocytes HIV vs Controls 

CD3 (pan T-cell marker) « 
y5+/CD3 
CD8-CD4-/CD3 
CD8+/CD3 TT 
CD8 + CD45RA/CD3 (CD8+ naive T cells) T 
CD8+CDlla+/CD3 (cytotoxic T cells) T 
CD8+CDllb+/CD3 (suppressor T cells) 
CD8 + HLA-DR+/CD3 (activated CDS"^ T cells) TT 
CD8+CD25 +/CD3 (activated CD8 "̂  T cells) 
CD4+/CD3 U 
CD4+CD45R0+/CD3 (CD4+ memory T cells) U 
CD4+HLA-DR+/CD3 (activated CD4+ T cells) i i 
CD4 + CD25 +/CD3 (activated CD4 + T cells) i i 
CD 16 + CD57 + (natural killer cells) i 

Note. « similar, T increased, i decreased compared with controls. Relative 
proportions were calculated after gating for CD3^ lymphocytes. From 
Schneider et al (1995), Ullrich et al, submitted. 

B. Intestinal Humoral Immunity 

Insufficient helper function of intestinal CD4 T cells is also indicated by the re-
duced proportion of IgA plasma cells in the large intestine of AIDS patients re-
ported by Kotler et al (1987) since terminal IgA B-cell differentiation is CD4 T-
cell dependent (Kiyono et al, 1984; Kunimoto et al, 1988). A marked decrease 
in salivary IgA levels was found in AIDS patients, which was due to a selective 
decrease in IgA2 with normal IgAl levels (Jackson, 1990). However, divergent 
results exist concerning the Ig concentrations in the saliva of HIV-infected pa-
tients. In contrast to Jackson and co-workers (Jackson, 1990), one group found no 
difference between IgA in the saliva of controls and HIV-infected patients (Kotler 
et al, 1987), and another group reported a reduction of both IgA subclasses 
(MuUer et al, 1991). 

In the intestinal fluid of HIV-infected patients a reduced level of IgA compared 
with controls was found, while IgG was increased in the HIV-infected group (Ja-
noff et al, 199A) (Table II). In this study a significantly reduced level of IgA2 and 
polymeric IgA was demonstrated in duodenal fluid while IgAl was not altered. 
The predominance of IgG and monomeric IgAl in mucosal fluid samples from 
HIV-infected patients may be explained by exudation of serum immunoglobulins 
into the intestine, probably due to increased epithelial permeability. 

The presence of secretory IgA against HIV in the stool (Mathewson et al. 
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TABLE II 
INTESTINAL MUCOSAL IMMUNGLOBULINS AND PLASMA CELLS IN THE INTESTINAL LAMINA 

PROPRIA IN HIV- INFECTED PATIENTS COMPARED WITH CONTROLS 

Ig measured in intestinal fluid^ Immunohistology of plasma cells ̂  

IgG IgM IgA IgAl IgA2 IgG IgM IgA Igal IgA2 

Note. « similar, T increased, i decreased compared with controls. 
""Jmoffetal. (1994). 
^Kotler et al (1987); Janoff et al (1994). 

1994), rectal secretions (Mohamed et al, 1994), and intestinal fluid (Janoff et al, 
1994) of HIV-infected patients has been demonstrated. The frequency in the detec-
tion of secretory IgA against HIV in the stool by an ELISA was higher in HIV-
infected patients with diarrhea than in patients without diarrhea (Mathewson et al, 
1994). In the study by Janoff et al (1994) intestinal IgG reacted with most HIV 
antigens, while intestinal IgA mainly recognized HIV envelope proteins. These 
studies show that a disturbed mucosal antibody response is present in HIV-infected 
patients, which may further contribute to the breakdown of the mucosal barrier 
function in these patients. 

rv. I N F L U E N C E O F T H E A L T E R E D I N T E S T I N A L I M M U N E 

S Y S T E M O N S M A L L - I N T E S T I N A L S T R U C T U R E A N D F U N C T I O N 

IN HIV I N F E C T I O N 

There is growing evidence that functional interrelations exist between the gut epi-
thelium and the mucosal immune system (MacDonald and Spencer, 1988, 1990). 
The observation that mucosal T-cell activation both in vitro (MacDonald and Spen-
cer, 1988) and in vivo (Griffiths et al, 1988) lead to villous atrophy with increased 
proliferation of crypt cells further supports this concept. Thus, changes in mucosal 
architecture might reflect alterations in mucosal immunity (Riecken et al, 1989). 

Partial villous atrophy has been found in the small intestine of HIV-infected 
patients independent of the presence of secondary infections in several studies 
(Malebranche et al, 1983; Kotler et al, 1984, 1990; Batman et al, 1989; Ullrich 
et al, 1989, 1990; Cummins et al, 1990; Greenson et al, 1991). Villous atrophy 
is a nonspecific reaction of the intestinal mucosa to various afflictions. It either is 
associated with a hyperregenerative increase in crypt cell mitoses leading to crypt 
elongation (as seen in gluten-sensitive enteropathy), or it results from hyporegen-
eration, i.e., reduced mitotic rate with shortened crypts (as seen in bowel rest or 
excluded intestinal loops). Although minor differences in morphometric parame-
ters exist in the available studies in HIV-infected patients, it is clear that the im-
pressive increase in mitoses with strikingly elongated crypts characteristic of glu-
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ten enteropathy is not found in HIV-infected patients. Even in the presence of 
secondary intestinal infections there is an inadequate elongation of crypts and, 
notably, no increase in crypt mitoses (Anonymous, 1989; Ullrich et al, 1991). 

Several studies demonstrated that the specific type of mucosal transformation 
in HIV infection depends both on the presence of secondary pathogens and on 
mucosal HIV infection (Ullrich et al, 1989, 1990; Kotler et al, 1990). In patients 
with HIV-infected cells in the mucosa villous atrophy was accompanied by re-
duced crypt cell proliferation. In the presence of secondary infections the number 
of mitotic figures per crypt was slightly increased but inappropriately to the villous 
atrophy resulting in impaired crypt hyperplasia. Thus, HIV infection is associated 
with epithelial hypoproliferation (Ullrich et al, 1989). 

A recent study on human fetal intestinal explant cultures infected with HIV in 
vitro demonstrated a stimulation of epithelial cell proliferation, which supports the 
theory of hyperplastic villous atrophy suggested by Batman and co-workers (Bat-
man et al, 1994). These apparently conflicting data may be explained by the 
completely different conditions: in the fetal explant model early effects of HIV 
were observed, where HIV infection might lead to T-cell activation with mucosal 
hyperregeneration. In the human in vivo situation long-term effects of HIV infec-
tion with loss of activated mucosal T cells were studied. 

Not only an altered epithelial proliferation in HIV-infected patients but also an 
even more pronounced impaired enterocyte maturation was demonstrated in HIV-
infected patients by measuring activities of brush-border enzymes (Ullrich et al, 
1989) (Fig. 4). Lactase deficiency, the prevalence of which is about 10-20% in 
whites, was found in nearly 50% of white HIV-infected patients, and was signifi-
cantly more common in patients with mucosal HIV infection, secondary intestinal 
infections, or both as compared with controls (Ullrich et al, 1992). In addition, 
zidovudine therapy was significantly associated with higher activities of brush-
border enzymes, indicating improved enterocyte maturation under anti-retroviral 
therapy (Ullrich et al, 1992). 

In vitro studies on HIV-infected colonic epithelial tumor cell lines using trans-
mission electromicroscopy also revealed cytopathic effects including an unusual 
number of secretion bodies, the appearance of intracellular lumina, and disorga-
nized microvilli, indicating a defect in brush-border assembly and differentiation 
(Fantini et al, 1992). Further studies on intestinal epithehal cell fines infected by 
HIV in vitro demonstrated an exaggerated increase in intracellular calcium after 
stimulation with a calcium ionophore in infected cultures compared with unin-
fected cultures (Asmuth et al, 1994). These experiments also suggest that absorp-
tive and secretory functions of enterocytes may be altered by HIV infection. 

The morphologic and functional disturbances of the intestinal mucosa in HIV 
infection might fit into a concept of immune-mediated mucosal transformation: 
crypt cell proUferation is induced by T-cell activation, therefore the activated 
CD4^ T cells present in the normal lamina propria might be involved in the 
maintenance of the normal mucosal architecture. The epithelial hypoproliferation 
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FIGURE 4. Lactase deficiency in HIV-infected patients. Duodenal biopsies of control persons and 
HIV-infected patients were analyzed by quantitative enzyme histochemistry in situ. Compared to con-
trols, lactase deficiency was observed in a significantly higher percentage of HIV-infected patients (I-
p24': no secondary infections, no p24 antigen in the mucosal; I-p24^: no secondary infections, p24 
antigen present in the mucosa; I + p24': additional secondary infection, no p24 antigen in the mucosa; 
I + p24"^: additional secondary infection, p24 antigen present in the mucosa. Modified from Ullrich et 
al (1989). 

seen in HIV-infected patients could be explained by the early and nearly complete 
loss of CDA^ T cells in the intestinal lamina proria of HIV-infected patients. 
Impairment or depletion of activated regulatory €04"^ T cells in the lamina pro-
pria by HIV might thus lead not only to a breakdown of the mucosal immune 
barrier resulting in a variety of opportunistic infections, but also to malabsorption 
due to mucosal atrophy or enterocyte dysfunction. 

V. S U M M A R Y 

The intestinal (in particular rectal) mucosa is an important portal of entry of HIV 
in homosexual men, who represent the vast majority of HIV-infected patients in 
Europe and North America. There are several possibilities for HIV to reach the 
CDA^ T cells, macrophages, and follicular dendritic cells in the intestinal mucosa. 
HIV may be transported through M cells directly to mucosal lymphoid folhcles. 
Alternatively, HIV may infect enterocytes via Fc-receptor by antibody-bound HIV 
or via a CD4-independent receptor. By successive budding on the basal side of 
enterocytes HIV may be released into the lamina propria. Trauma of the mucosa 
gives direct access for HIV to the lymphoid compartment of the mucosa. Further-
more, in patients not infected by the intestinal route HIV may also rapidly enter 
the intestinal mucosa by other mechanisms; intestinal T-lymphocytes are mainly 
activated memory T cells reentering the mucosal surfaces after circulating through 
the peripheral blood. In the periphery they may be preferentially infected by HIV. 
Accumulation of infected T cells could thus occur in the intestinal mucosa. The 
special phenotypical and functional characteristics of intestinal T lymphocytes may 
affect the replication and cytopathicity of HIV resulting in an accelerated loss of 
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€04"^ T cells in the lamina propria. CD4"^ T cells play a critical role in antigen-
dependent B-cell differentiation, and thus the pronounced €04"^ T-cell depletion 
in the intestinal mucosa may be responsible for the observed decrease of IgA 
plasma cells and a reduced secretion of IgA2. Depletion and functional impairment 
of activated mucosal lamina propria lymphocytes by HIV infection could explain 
the breakdown of the mucosal immune barrier leading to secondary opportunistic 
or nonopportunistic infections and secondary malignancies. In addition, due to the 
interrelation between the mucosal immune system and epithelium, these changes 
might be responsible for the partial small-intestinal mucosal atrophy and matura-
tional defects in enterocytes observed in HIV-infected patients. 
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Human immunodeficiency virus (HIV) infection is transmitted predominantly 
through heterosexual intercourse in developing countries and through homosexual 
intercourse in developed countries (Curran et al, 1985; Winkelstein et al, 1986; 
European Study Group, 1992). Mucosal transmission through the genitourinary 
and rectal mucosa constitutes the principal mode of HIV infection. It is important 
to appreciate that mucosal transmission of HIV differs from vascular transmission, 
as occurs in intravenous drug abusers or with infected blood products. In vascular 
transmission HIV is directly disseminated in the circulating blood to lymphoid and 
other tissues. In mucosal transmission there are a number of barriers or hurdles 
which need to be passed before the infection is disseminated by blood (Lehner et 
al, 1996). These barriers are the epithelial tissues and draining lymph nodes, sub-
ject to the mucosa being intact. 

The aims of this review are to present the potential cells and receptors that bind 
HIV in the female and male genitourinary, rectal, and oral mucosa, and in foreskin 
(Hussain et al, 1991, 1992; Hussain and Lehner, 1995). This will be followed by 
discussion of five immune barriers which have been identified during investiga-
tions of genital or rectal immunity (Lehner et al, 1992a, 1993, 1994a, 1996; 
Brookes et al, 1995). 

I. M U C O S A L C E L L S A N D R E C E P T O R S B I N D I N G HIV 

A. CD^ Glycoprotein 

CD4 glycoprotein is the principal receptor for HIV and was not found in vaginal, 
rectal, urethral, oral, or foreskin epithelial cells, although CD4"^ mononuclear cells 
were present in the lamina propria of each epithelium (Hussain et al, 1991, 1992). 
Nevertheless, CD4 is expressed by Langerhans cells which are present in cervico-
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vaginal, foreskin, and oral epithelia but these cells are not found in the rectum or 
urethra (Hussain and Lehner, 1995). There were significantly more Langerhans 
cells in the upper third of vaginal or foreskin epithelium than found in oral epithe-
lium. This may be one factor in determining the high risk factor in uncircumsized 
males contracting HIV infection (Kreiss and Hopkins, 1992), as compared with 
the very low risk of transmission of HIV through the normal oral mucosa during 
oral sex (Dassey, 1988; Detels and Visscher, 1988). Although HIV has been de-
tected in Langerhans' cells of patients with AIDS (Jarry et al, 1990; Tenner-Racz 
et al, 1987) others have been unable to confirm this (Kanitakis et al, 1989; Kalter 
et al, 1990). 

B. M Cells 

M cells are found among the epithelial cells covering Peyer's patches in the intes-
tine (Owen and Nemanic, 1978). Lymphoid follicles with M cells have been re-
ported in the rectal mucosa (O'Leary and Sweeny, 1986). Rodent M cells are 
capable of transmitting HIV to lymphoid cells (Amerongen et al, 1991). However, 
HIV has not yet been identified in human M cells, though HIV nucleic acid has 
been detected in rectal epithelium (Nelson et al, 1988; Mathijs et al, 1988). 

C. Galactosyl Cerebroside or Sulfatide 

Galactosyl cerebroside or sulfatide has been postulated to serve as an alternative 
receptor for HIV-1 in human colonic epithelial cells which do not express CD4 
(Yahi et al, 1992). The envelope gpl20 of HIV-1 binds to galactosyl cerebroside 
and two regions within gpl20 have been suggested: the V3 loop is one possible 
region (van der Berg et al, 1992) and the C2 region (AA 206-275) is another site 
of gpl20 binding CD4 (Bhat et al, 1993). The presence of lactosyl ceramide has 
been similarly implicated in human vaginal epithelial cells to bind HIV-1 gpl20 
(Furuta et al, 1994). Binding of HIV-1 to galactosyl or lactosyl ceramide might 
result in direct infection by HIV-1 or adhesion of infected cells expressing gpl20 
on their surface. 

D. Fc Receptors for IgG (FcyR) 

Fc receptors for IgG (FcyR) offers an alternative mechanism for cell-free HIV 
infection, by enhancement of HIV-antibody complexes to bind via Fey receptors 
to epithehal cells (Takeda et al, 1988). Indeed, infected seminal fluid contains 
HIV and IgG antibodies (Wolff et al, 1991), so immune complexes can be 
formed. Fcyll and Fcylll receptors were detected in rectal, endocervical, and ure-
thral epitheha (Hussain and Lehner, 1995; Hussain et al, 1991, 1992) and Fcylll 
and Fcyl receptors in the foreskin epithelium (Hussain and Lehner, 1995), which 
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may enable HIV-antibody complexes to bind to these epithelial cells. However, 
Fcyl and Fcyll receptors were not found in oral epithelium and Fcylll receptors 
were confined to gingival epithelium (Hussain and Lehner, 1995). This would 
diminish the chances of oral HIV infection by means of HIV-antibody complexes. 

E. HLA Class II Expression on Epithelial Cells 

HLA class II expression on epithelial cells may enable HIV-bound CD4^ cells to 
gain access to the cells. We studied the expression of HLA-DR in cervicovaginal, 
rectal, urethral, and oral epithelia and foreskin, as HIV in seminal and cervicovagi-
nal fluid might be CD4 cell-associated, and CD4 glycoprotein binds HLA class II 
antigen (Doyle and Strominger, 1987). It is noteworthy that the epithelial cells 
lining the endocervical but not vaginal or rectal tract (Hussain et al, 1991, 1992) 
and male genitourinary tract can express HLA class II (DR) antigen (Ritchie et 
al, 1984). This may be associated with T-cell activation, especially during infec-
tion. Whether HLA class II might enable CD4 cell-associated HIV to bind and 
facilitate infection of these epithelial cells needs to be explored. 

F. Nonspecific Entry into Epithelial Cells 

CD4~ cervical and intestinal cells can be infected directly by HIV-infected mono-
cytes (Bourinbaiar and Phillips, 1991). The mode of entry of HIV appears to be 
primarily by the phagocytic pathway, through membrane invagination enclosing 
virions, or through receptor-mediated endocytosis. Direct fusion between viral en-
velope and epithelial membrane has also been observed by electron microscopy 
(Bourinbaiar and Phillips, 1991). 

G. Trauma and Infection of the Rectal Mucosa and Cervix 

Trauma and infection of the rectal mucosa and cervix have been generally as-
sumed to facilitate transmission of HIV on account of the thin columnar epithe-
lium of the rectum, compared with the thick stratified squamous epithelium of 
vaginal or oral mucosa. In order to establish this quantitatively, we have measured 
the thickness of these epithelia by means of video image analysis. Indeed, the 
mean thickness (±SD) of vaginal (215.5 ±89.2 /xm) or oral (263 ±1.6 jjum) epi-
thelium is about 9 to 12 times greater than that of rectal epithelium (24.6 ±9.7 
/xm) (Hussain and Lehner, 1995). These results are consistent with the view that 
rectal mucosa is more vulnerable to be breached during rectal intercourse than 
vaginal or oral epithelium during vaginal or oral sex. This is compounded by the 
trauma that can be inflicted to the rectal mucosa during intercourse, and the rich 
vascular bed of the rectal mucosa which may facilitate entrance of infected semi-
nal fluid to the traumatized blood vessels. Quite apart from the purely morphologi-
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cal features, there is evidence that recurrent infections of the rectum or the cervix 
and the high incidence of cervical erosions, especially in high-risk groups, facili-
tate rectal or cervicovaginal transmission of HIV (European Study Group, 1992; 
Felman, 1990), probably by providing a breach in mucosal integrity. 

II . M U C O S A L I M M U N I T Y I N P R O T E C T I O N AGAINST M U C O S A L 

C H A L L E N G E B Y L I V E S I V 

Systemic immunization with inactivated SIV grown in human cells has failed to 
protect macaques from vaginal challenge with the live SIV (Marthas et al, 1992). 
However, a mucosal strategy augmented by systemic immunization has been used 
more successfully, in which inactivated SIV grown in human cells was prepared 
in microcapsules administered first IM and then by either the oral or intratracheal 
route (Marx et al, 1993). Indeed, five out of six macaques were protected when 
challenged by the vaginal route, and this was associated with vaginal IgA and IgG 
antibodies. However, rectal transmission with SIV was prevented by intramuscular 
immunization alone with inactivated SIV grown in human T cells (Cranage et al, 
1992). Furthermore, intravenous exposure to low subinfectious doses of live SIV 
in Macacca fascicularis and Macacca nemestrina appeared to elicit T-cell-prolifer-
ative responses, in the absence of detectable antibodies, and the macaques were 
protected against an infectious rectal challenge by SIV (Clerici et al, 1994). How-
ever, the SIV was grown in human T cells, so that anti-cell antibodies are likely 
to have been involved in the protection. These experiments suggest that at least 
xenogeneic anti-cell antibodies (Stott et al, 1991; Langlois et al, 1992; Chan et 
al, 1992; Arthur et al, 1992) can protect vaginal or rectal transmission of SIV by 
augmented mucosal-systemic or systemic immunization, respectively (Marx et al, 
1993; Clerici et al, 1994). 

Recently, recombinant SIV envelope gpl20 and core p27 were administered by 
the novel targeted lymph node immunization strategy (Lehner et al, 1996). This 
elicited sIgA and IgG antibodies to gpl20 and p27 in rectal fluid, rectal and iliac 
lymph node antibody-secreting B cells, and T-cell-proliferative responses to these 
antigens. Rectal challenge with an SIV molecular clone showed either total pre-
vention of SIV infection or decreased viral load by more than 90%. If these results 
were readily reproducible, a subunit vaccine strategy might be pursued by the 
mucosal route. 

III . I M M U N E B A R R I E R S I N M U C O S A L I N F E C T I O N S 

A fundamental problem in vaccination against SIV/HIV is that the mechanism 
preventing infection has not been identified. Both B- and T-cell immunity have 
been reported, with neutralizing IgG antibodies to gpl20 (Javaherian et al, 1992; 
Moore et al, 1994) and CDS"̂  MHC class I-restricted cytotoxic cells to gpl20 
and p27 antigens (Walker et al, 1987; Nixon et al, 1988; Koenig et al, 1988). A 
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working hypothesis has been postulated that sexual transmission of HIV/SIV 
might be controlled by five successive immune barriers, with each barrier in turn 
either preventing infection or progressively decreasing the viral load (Table I). 
Barrier 1 viral adhesion to mucosal surface may be prevented by sIgA (and IgG) 
antibodies to gpl20. If this proves ineffective, Barrier 2, consisting of intraepithel-
ial polymeric IgA to p27 (or gpl20), may prevent viral assembly. However, any 
virus that crosses the epithelium will encounter the subepithelial immune barrier 
(Barrier 3), consisting of SIV-specific B cells secreting antibodies, CD4 cells pro-
ducing cytokines, and CDS cytotoxic cells. If the rectal epithelium is not intact or 
is breached through trauma, there remains the third immune barrier in the submu-
cosa, the fourth barrier in the draining lymph nodes, and the fifth barrier in the 
circulation and spleen. 

The three different immune mechanisms involved in the first three barriers 
seem to offer the best chance of preventing viral transmission at the site of muco-
sal entry. The regional lymph nodes to which any virus that has successfully 
breached the mucosal and submucosal barriers is carried by macrophages, Langer-
hans cells, or dendritic cells may not permit the formation of a viral reservoir, on 
account of the potent CDS, CD4, and B-cell responses. Indeed, IgG-p27-C3d im-
mune complexes may localize on the surface of follicular dendritic cells in 
lymphoid follicles (Armstrong and Home, 19S4; Tenner-Racz et al, 19S7; Biber-
feld et al, 19S6), activate T and B cells, and prevent or decrease viral load in 
these lymph nodes. Dissemination of any residual live virus might be arrested by 
the circulating serum antibodies and T-cell functions. The evidence for the five 

TABLE! 

IMMUNE BARRIERS IN THE PROTECTION AGAINST MUCOSAL 

TRANSMISSION O F S I V / H I V 

Barrier Site Immunity 

I Epithelial surface sIgA and IgG to gp 120 
4-

II Intraepithelial polymeric IgA to p27 or 
gpl20 

i 
III Subepithelial Homing of SIV-specific 

B, CDS, andCD4(Thl, 
Th2) cells 

i 
IV Regional lymph nodes SIV-specific B, CDS, and 

CD4 (Thl, Th2) cells 
i 

V Central circulating, and SIV-specific B, CDS, and 
splenic cells CD4 cells, IgA and IgG 

antibodies 
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potential barriers has been elicited mostly in mucosal immunization studies in 
macaques. 

A. Epithelial Surface Barrier 

Epithelial surface barrier has been characterized by sIgA antibodies to SIV gag 
p27 and gpl20 in rectal and vaginal epithelia and in male urethral washings, urine, 
and ejaculates (Lehner et al, 1992b, 1993, 1994a; Marx et al, 1993). The function 
of specific sIgA antibodies at the mucosal surface against SIV/HIV has not been 
elucidated but they may either prevent viral adhesion to CD4"*" cells or epithelial 
cerebrosides or neutralize the virus. It is also noteworthy that the mucosal surface 
antibodies contain specific IgG antibodies to SIV gag p27 and gpl20, which prob-
ably represent mucosal transudates originating from serum. However, finding Fc 
receptors for IgG in rectal, endocervical, and urethral epithelia offer a receptor-
mediated passage of IgG antibodies to those mucosal surfaces. Indeed, cervicovag-
inal secretions are especially rich in IgG antibodies (Lehner et al, 1992b; Marx et 
al, 1993). 

B. Intraepithelial Barrier 

IntraepitheHal barrier applies to rectal and endocervical columnar epithelial cells, 
which express the poly-immunoglobulin receptors at the basolateral surface of 
these cells (Brandtzaeg and Krajci, 1992; Kutteh et al, 1988). Polymeric IgA 
undergoes transcytosis via the receptors, and any virus which may have crossed 
the epithelial surface barrier might be prevented from assembly by these antibod-
ies (Mazanec et al, 1992). However, this neutralizing sIgA antibody mechanism 
has so far been demonstrated only in vitro with Sendai virus. 

C. Subepithelial Barrier 

Subepithelial barrier consists of homing of specific B, CD4 and CD8 cells, as well 
as macrophages and dendritic cells. Recently, antibody-secreting IgA and IgG B 
cells to SIV gag p27 and gpl20 have been eluted from rectal and cervicovaginal 
epithelia of macaques immunized by the subcutaneous targeted iliac lymph node 
route (Bergmeier and Lehner, 1995; Lehner et al, 1996). We have also eluted 
CD4"^ T cells and macrophages from rectal and cervicovaginal epithelia. These 
are likely to function as inducer cells, but their Thl- or Th2-type cytokine activity 
has so far not been tested. It is particularly significant that specific CD8"^ cyto-
toxic T cells to SIV have now been demonstrated formally in cervicovaginal (Loh-
man et al, 1995) and rectal epithelia (Klavinskis et al, 1996). It is therefore 
evident that the four principal immune cells—B, CD4, and CD8 cells and macro-
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phages—are present in the subepitheHal barrier, and that these can mount both 
antibody and cellular immune responses against SIV/HIV infection. 

D. Regional Lymph Node Barrier 

Regional lymph node barrier consists predominantly of the internal and external, 
as well as inferior mesenteric lymph nodes. We have demonstrated in macaques 
after rectal, vaginal, male genital, and targeted lymph node immunization that at 
least the internal iliac lymph node cells tested show B-cell antibody responses 
CD4+ T-cell help in antibody synthesis, CD4+ T-cell proliferation, and CDS"̂  
cytotoxic cells to the immunizing SIV antigen (Lehner et al, 1992b, 1993, 
1994a,b, 1996; Klavinskis et al, 1995). Furthermore, a hierarchy of T-cell epitopes 
to SIV gag p27 has been demonstrated (Brookes et al, 1995) and this may vary 
with the mucosal route of inmiunization. Hence, in addition to B-cell antibody and 
CDS cytototoxic cell responses, the CDA^ T-cell response can be finely tuned to 
respond to some peptide epitopes with a higher frequency than to others. This may 
be especially significant, as the lymph nodes may function as reservoirs for SIV 
replication (Pantaleo et al, 1993; Embretson et al, 1993). 

E. Central Circulating Barrier 

Central circulating barrier consists of similar CD4'^ T-cell proliferative and CD8^ 
cytotoxic cells as those described for the lymph nodes. However, the hierarchy of 
T-cell epitopes differs in circulating T cells from those in the lymph nodes and 
varies with the route of immunization (Brookes et al, 1995). Serum IgA and IgG 
antibodies should function in the same way as after systemic immunization, except 
that the IgG antibody titres are lower and the IgA antibody titres are higher after 
mucosal immunization (Lehner et al, 1994b). 

The concept of five immune barriers being mounted against mucosal SIV/HIV 
transmission is consistent with recent findings of the crucial role played by re-
gional lymph nodes as reservoirs of infection (Ho et al, 1995; Wei et al, 1995), 
and as putative inductive sites of specific antibody-forming B cells (Lehner et al, 
1996) and cytotoxic CDS cells to the vaginal (Lohman et al, 1995) or rectal 
mucosa (Klavinskis et al, 1996). Furthermore, the intraepithelial mechanism of 
virus-neutrahzing IgA antibodies (Mazanec et al, 1992) and the hierarchy of T-
cell epitope expression to SIV gag antigen being related to the mucosal route of 
immunization (Brookes et al, 1995) suggest a wealth of epithelial-lymphoid cell 
interactions which may be involved in viral infection and protection. The five 
successive immune barriers may utiUze a fail-safe defense strategy, with site-di-
rected differences in isotype (IgA or IgG), subunit antigen (envelope or core pro-
tein), and recognition of defined T-and B-cell epitopes. Each of these barriers may 
in turn either prevent viral transmission or decrease the viral load. 
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Chapter 32 

Beneficial and Harmful Immune Responses 

in the Respiratory Tract 

Peter J. M. Openshaw, Lindsay C. Spender, and Tracy Hussell 

Respiratory Medicine, St. Mary's Hospital Medical School, Imperial College of Science, 
Technology and Medicine, London W2 IPG, United Kingdom 

Infections of the respiratory and intestinal tract constitute major threats to worldwide health. 
Together, these mucosal infections are the leading causes of morbidity and mortality in children. 
Respiratory syncytial virus (RSV) is a major worldwide childhood respiratory pathogen and an 
unsolved challenge for vaccine development. Clinically, infection is characterized by symptoms 
and signs of bronchial narrowing, and many children who recover from bronchiolitis are subse-
quently diagnosed as asthmatic. The mouse model of RSV lung disease has been very successful 
in reproducing many aspects of the human disease. In this species, some types of vaccination 
(particularly sensitization to the major surface glycoprotein G) induce virus-specific T helper 2 
cells. During subsequent RSV infection, lung eosinophilia develops. These and other studies 
have shown the dual role of anti-viral T cells in both eliminating virus and causing enhanced 
disease. This immunopathological paradox is now more clearly understood for RSV disease 
than for that caused by any other common human infection. This chapter presents a selection 
of current knowledge about the characteristics, functions, benefit, and harm of antiviral inmiune 
responses to RSV. 

I. I N T R O D U C T I O N 

Mucosal defenses are primarily directed to prevention and elimination of infection. 
The gastrointestinal tract has proved a very productive site for the study of muco-
sal immune responses, but in global terms far more lethal infections enter via the 
respiratory than the gastrointestinal route. WHO estimates indicate that approxi-
mately 14 million people die each year from infections that are transmitted via the 
respiratory tract, compared to 5 million from diseases transmitted by the gastroin-
testinal route. Most of these deaths occur in childhood. Although many are caused 
by bacteria, a foothold for bacterial infections of the lung is often gained during 
acute viral infections. Respiratory viral infections of childhood are therefore of 
key importance to the development of serious respiratory disease throughout the 
world. 

The threat of respiratory and intestinal infections to world health is, to a degree, 
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inevitable. Breathing, drinking, and eating are unavoidable processes. The prime 
function at either site depends on providing a large surface area for the exchange 
of materials with the environment. Any well-adapted pathogen is prone to exploit 
this necessity to gain access to the internal milieu. 

The respiratory and intestinal tracts not only are ideal sites of invasion, but also 
are well suited to the process of spreading pathogens to other hosts. Irritation of 
the nasal mucosa causes mucus which contains abundant infectious virus to be 
secreted. Sneezing and coughing cause secretions to be expelled as droplets. Fine 
particles of mucus rapidly dry in the air, and can go on to settle on the mucous 
membranes of new hosts. The cycle of infection does not require the virus to 
spread to other tissues outside the respiratory tract. Transmission may indeed be 
most effective if the infected person is not made so ill as to prevent normal social 
contact. Agents that cause diarrhea and vomiting similarly assist their own spread 
by inducing local symptoms. 

A. Respiratory Infections in Childhood 

Viral bronchiolitis is the single most common cause of hospitalization of infants 
in the Western World, but the development of effective preventative or therapeutic 
stratagems has been hampered by lack of information about its pathogenesis. The 
majority of cases are caused by respiratory syncytial virus (RSV), the annual hos-
pitalization costs of which were estimated to be $300,000,000 in 1988 in the 
United States alone, with 91,000 children admitted (Heilman, 1990). Antiviral im-
munity appears not only to protect against infection but also to contribute to lung 
pathology. The first evidence that specific immunity could be harmful came in 
the 1960s, when children were vaccinated with formalin-inactivated RSV. Vaccine 
recipients developed strong serological responses, but were not protected against 
infection. Most vaccinees who subsequently became infected with RSV developed 
severe lower respiratory tract disease, and some died as a result. The reasons for 
vaccine-augmented disease have been studied (e.g., Mcintosh and Fishaut, 1980; 
Murphy et al, 1990; Connors et al, 1992), but no safe, effective vaccine has yet 
been produced. For a more detailed discussion of immune responses to RSV, see 
Openshaw (1995). 

B. RSWirology 

RSV belongs to the genus Pneumovirus in the family paramyxoviridae, bearing 
close similarity to measles, canine distemper virus, mumps, and parainfluenza vi-
ruses. Electron microscopy shows irregularly shaped and often clumped virions, 
with a lipid envelope bearing surface glycoproteins G, F, and SH. The nucleocap-
sid contains a single-strand negative-sense RNA genome of 5 X 10^ kDa, which is 
nonsegmented. There are 10 genes, with 12 potential gene products. Sequential 
transcription occurs from 3' to 5'; the first genes to be transcribed are Ic and 
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lb, which encode nonstructural proteins of unknown function. Then follows the 
nucleoprotein (N), which is relatively well conserved between natural isolates. The 
phosphoprotein (P) and SH are next, then the attachment protein (G) and the fu-
sion protein (F). These two proteins are the major surface glycoproteins, against 
which neutralizing antibody is directed and which show the most natural variabil-
ity between different natural isolates of RSV. The last two proteins are the M2 
(second matrix or 22-kDa protein) and the large protein L, the latter being the 
RNA polymerase. Both of these are thought to be relatively well conserved. 

III. M O U S E M O D E L O F RSV D I S E A S E 

Arguably, the mouse has contributed more to our knowledge of immunology than 
any other single species. After intranasal (in) infection with human RSV grown in 
tissue culture, lung virus litres vary by as much as 100-fold between the most and 
least susceptible inbred strains (Prince et al, 1979). Taylor et al (1984) showed 
that RSV reaches a peak virus litre in the lungs of BALB/c mice on Days 4-6, 
being largely eliminated by Day 9. Pulmonary infection is accompanied by histo-
logical changes which bear some resemblance to human RSV-induced bronchio-
litis. Transient alveolar lymphocytic influx is followed by focal inflanmiation (ini-
tially comprising mononuclear cells) often sandwiched between bronchioles and 
small blood vessels. 

A. Local Cellular Response to RSV Infection 

Our work with the mouse model of RSV disease has used bronchoalveolar lavage 
(BAL) as a convenient method of following pathological changes in the lungs 
following RSV infection (Openshaw, 1989). We find that results from this tech-
nique correlate well with those from histological analysis. To recover BAL cells, 
mice are anesthetized and exsanguinated and the lungs inflated with dilute ligno-
caine. Cytocentrifuge preparations of BAL cells from uninfected mice largely 
show macrophages, but after infection the proportion of lymphocytes increases 
from Day 4, reaching a plateau between Days 6 and 14 (at about 20-40% of 
recovered cells), thereafter gradually returning to normal. The degree of lympho-
cytosis correlates with the severity of histological change rated on a subjective 
scale. Bronchial lavage has the advantage of sampling cells from all areas of the 
lung, allowing easy quantification of severity of pathological responses and pro-
viding cells in an ideal form for further studies. 

Using this method, we performed extensive flow cytometric analysis of local 
cellular responses during primary and secondary infections. The majority of lym-
phocytes recovered during the first 5 days of primary infection are CD4~8" (null) 
in phenotype. Few are B cells, but most have characteristics of NK cells (T. Hus-
sell and P. J. M. Openshaw, unpubhshed), and NK activity peaks at about this 
time. During elimination of the virus from the lungs (Days 6-9), the main single 
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subset is CD8"^, although CD4^ cells are also found. It has been proposed that 
epithelial T cells most frequently exhibit T-cell receptors of the y8 (rather than 
aj8) type. Our studies, however (Openshaw, 1991), have shown that almost all the 
single-positive (CD4 or CDS) T cells, which form the majority of all CDS "̂  cells 
recoverable from the lung, bear the a/3 form of T-cell receptor; yd T cells are 
exceedingly rare. Interestingly, a small subset of double-negative cells bear CDS 
and the a/3 T-cell receptor, although the total number of these cells is small. 

B. Immunopathology Due to Sensitisation to Specific RSV Proteins 

Immunization with recombinant vaccinia viruses (rVV) allows individual RSV 
proteins to be tested for their ability to protect against RSV infection. If groups of 
BALB/c mice are sensitized with a panel of rVVs expressing different RSV pro-
teins by dermal scarification and challenged S-4 weeks later with live RSV intra-
nasal protection against RSV replication is seen in mice immunized to F, G, N, 
and M2. This protection is, however, associated with an increase in pathology in 
most cases. Mice primed with rVV-G or -F develop lung hemorrhage by Day 5 of 
challenge. Mice sensitized with rVV-G, -F, or -N develop polymorph efflux, while 
only those sensitized with rVV-G develop eosinophilic efflux (14-25% of BAL 
cells compared to less than S% in other groups). Interestingly, T cells recovered 
from the lungs of sensitized mice contain a minor subset of CD4~CD8~ T cells 
which bear the yd form of T-cell receptor (TCR). 

Helper T cells can be classified into different types that produce characteristic 
cytokine profiles, some directing cell-mediated immune responses and others en-
hancing antibody production by B cells (Fiorentino et al, 1989; Street et ah, 
1990). These two functional subsets (Thl and Th2), are known to be differentially 
induced by some antigens and modes of priming and may reciprocally inhibit. It 
seemed possible that differential induction of forms of immunopathology could be 
explained by production of IL-4 and IL-5 from Th2 cells that recognize G, and 
the introduction of Thl cells (producing IFNy and IL-2 among other cytokines) 
by other proteins, including F. 

C. Intracellular Cytokine Responses 

Although polarized cytokine production has been seen in mouse and, more re-
cently, in human T-cell clones, detailed analysis of cytokine production by large 
numbers of individual cells during polyclonal responses to viral infection has not 
previously been possible. From the studies described above, it seemed that differ-
ent rVV may prime for T cells with different cytokine production profiles. In order 
to study intracellular cytokine production directly, a collaboration was established 
with Dr. Anne O'Garra's laboratory at DNAX in CaHfomia. A method of intracel-
lular staining for cytokine production developed by Dr. Radbruch's team in Ger-
many (Assenmacher et al, 1994) was developed to the point that it became useful 
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for analysis of mixed natural populations of cells. In essence, populations of T 
cells are restimulated either specifically with antigen or nonspecifically with mito-
gen. Naive T cells do not produce cytokines under these conditions, but cells 
destined to produce specific cytokines will do so. The secretion of cytokine is then 
blocked by adding brefeldin A and, after a suitable period (typically 2-24 hr), cells 
are fixed. These fixed cells are permeablized with saponin, a reversible detergent. 
Anti-cytokine antibodies (conjugated or unconjugated) can then be used to deter-
mine the presence of intracellular cytokine. The saponin can be washed away and 
the cells stained for surface proteins, if these are stable to fixation and permeabli-
zation. In the mouse, we have succeeded in staining several surface proteins, in-
cluding CD4, CDS, B220, and y8 TCR on such fixed cells. We routinely stain 
with three fluorophores. Two (e.g., PE and FITC) are used for cytokines, and the 
third (Quantum red) for the surface protein of choice. It is then possible to look 
at cytokine coexpression in cells of defined surface phenotype (Openshaw et al, 
1995). 

To apply this method to cells obtained ex vivo, we sampled BAL and mediasti-
nal lymph node (MLN) cells before and after intranasal infection of mice with 
RSV. Reverse-transcriptase PCR and flow cytometric analysis of intracellular cy-
tokine production showed little or no mRNA or intracellular IFNy, IL-4, IL-5, or 
IL-10 from uninfected mice. After infection, MLN enlarged rapidly and BAL T-
cell lymphocytosis peaked on Day 10. mRNA for IFNy peaked on Day 1 postin-
fection in MLN and on Days 2 to 4 in the BAL. Only low levels of IL-2, IL-4, 
and IL-5 mRNA were detected at any time at either site, whereas IL-10 mRNA 
was easily detected in both the MLN and BAL cells. Immunofluorescent staining 
for IL-4, IL-5, or IL-10 and IFNy in either CD4 or CDS showed that most CDS + 
cells became IFNy"^, compared to about one-third of CD4^ cells. Although the 
numbers of T cells fell between Days 10 and 21, the proportion that were IFNy"^ 
increased with time. Less than 1% of BAL or MLN CD4'^ or CDS"^ cells were 
IL-4'^ or IL-5"^ at any time. Intracellular IL-10 was observed in BAL lymphocytes 
at early time points, some of which coexpressed IFNy. Cytokine mRNA and intra-
cellular protein analysis produced concordant results and both indicated a predom-
inant Thl cytokine profile in local T cells during primary infection with RSV (T. 
Hussell, L. C. Spender, and R J. M. Openshaw, unpublished). 

It is to be hoped that the introduction of novel methods to study cytokine pro-
duction at the single-cell level will help us understand the complex functional 
relationships between subsets of normal primed T cells. Our ability to look at large 
populations of T cells recovered from complex and real immune responses in vivo 
will allow concepts of helper T cell subdivisions to move on from the simple 
division into Thl, Th2, and ThO to a functional description of cells based on actual 
production, simultaneous or sequential, of a range of cytokines. Some generaliza-
tions will remain, others will emerge or fall. We, for example, have not yet seen 
coproduction of IL-4 and IFNy in any cells obtained from sites of inflammation, 
and it may well be that these cytokines are mutually exclusive; IL-10 and IFNy 
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can sometimes be seen within the same cells at the same time, showing that copro-
duction can be a normal event in nonclonal cells (Hussell, Spender, and Openshaw, 
unpublished). Bearing in mind that subsets can reciprocally inhibit each other's 
function and growth, it is possible that a site which is infiltrated by a phenotypic 
mixture of cells may be functionally dominated by the effects of one subset. With 
these new techniques, we can watch the emergence of a new field of understanding 
with excitement and anticipation. 

D. Disease Augmentation by Passive Transfer of T Cells 

The effects of potent, activated, specific T cells have been tested by cell-transfer 
experiments. CD4^ and CD8^ cells have been isolated from polyclonal RSV-
specific T-cell lines by immunomagnetic methods. Mice infected with RSV alone 
showed only mild illness, but more severe disease occurred in mice receiving 
CD4^ cells. Such mice developed respiratory distress, and lost up to 30% of their 
body weight. BAL showed a rich efflux of eosinophils. In these studies, CDS"^ 
cells were less pathogenic, producing mild "shock lung" with PMN efflux and 
lung hemorrhage. Cell for cell, CD4"^ cells are therefore more antiviral and more 
immunopathogenic than CDS "̂  cells in RSV-infected mice. In these studies, there 
was evidence that coinjection of CD4'^ and CDS^ cells may reduce the severity 
of pathology, compared to the effects of either subset alone, although this effect 
was not dramatic (Alwan et al, 1992). 

In influenza virus-infected mice, intravenous injection of virus-specific cyto-
toxic T lymphocytes can reduce severity of lung pathology, reduce the lung virus 
titre, and prevent death in otherwise lethally infected mice. About 7 million cells 
need to be injected into each mouse in order to achieve these effects. To show 
whether similar effects could be demonstrated in RSV-infected mice, T cells from 
the spleens of BALB/c mice infected intranasally with RSV were stimulated by 
cycles of antigen and IL-2 in vitro. The resulting lines and clones were all CDS ̂  
and cytolytic for class I MHC-matched targets, although they varied in the protein 
recognized. Congenic mice were persistently infected with RSV and injected with 
CTL intravenously. As few as 10^ of such cells cause complete virus clearance by 
Day 10, with uninjected mice showing little change in lung virus titer at this time. 
Remarkably, mice injected with CTL became sick, and some (with more than 1 
million cells) died. With 10 million cells, more than half the mice were dead by 
Day 5. Injection of cells or infection alone was insufficient to cause any apprecia-
ble illness. Bronchoalveolar lavage of mice with augmented disease showed a 
hemorrhagic neutrophilic pneumonitis. Analysis of the T-cell subsets recovered 
from the lung showed an increase of CDS"^ T cells, but an even more striking 
increase in the number of CD4"^, CD4~CDS~, and B-cell subsets. These studies 
show that RSV-specific CTL, when injected in a highly activated state, can elimi-
nate virus from the lungs but also cause acute lung injury. It is important to note 
that the cells recovered by BAL do not give a clear indication that CTL had 
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initiated the immunopathology, and that BAL CDS"^ T cells show no specific in-
crease (Cannon et al, 1988). Subsequent studies in C57B1/6 mice show that CTL 
of lower potency are able to eliminate virus without causing overt signs of disease 
if injected later during infection (Munoz et al, 1991). Signs of illness are not 
easily appreciated in mice, and some objective measure of lung pathology is essen-
tial in studies of this type. A series of excellent studies from Dr. Graham's group 
have clarified the roles of various T- and B-cell subsets in primary and secondary 
mouse infection and in challenged mice previously vaccinated in various ways 
(Tang and Graham, 1994; Graham et al, 1993, 1991). 

In further experiments, T-cell lines from mice primed with rVV-G, rVV-M2, or 
rVV-F were expanded in vitro and injected into RSV-infected mice. Mice infected 
with RSV showed mild illness, recovered fully, and were unaffected by iv injec-
tion of control (inactive) lymphocytes. After injection of RSV-specific cell lines, 
RSV-infected mice developed augmented lung disease with respiratory distress. 
Dose for dose, the most severe (sometimes fatal) illness was seen in mice receiv-
ing G-specific cells. Injection of G-specific cells into RSV-infected mice induced 
lung hemorrhage, pulmonary neutrophil recruitment (shock lung), and intense pul-
monary eosinophilia. Disease was further enhanced by coinjection of M2-specific 
cells, which alone caused mild shock lung without eosinophilia. F-specific cells 
alone caused minimal enhancement of pathology, and did not affect the disease 
caused by G-specific cells. Each cell line reduced lung RSV titre and combined 
injections eliminated infection completely. Transfer of protein-specific T-cells into 
naive RSV-infected mice therefore reproduces the patterns of enhanced disease 
seen in mice sensitized to individual RSV proteins (Alwan et al, 1994). Subse-
quent studies from other groups have suggested that Th2 phenomena may account 
for the disease augmentation seen in mice vaccinated with formalin-inactivated 
RSV (Graham et al, 1993b; Connors et al, 1994). 

III . C O N C L U S I O N S 

The mouse has proven to be a valuable model for the study of human RSV. Virus 
replicates in the lungs causing nonfatal bronchiolitis and cells can be injected into 
mice, thereby demonstrating the function of individual T-cell subsets. T cells ap-
pear to be the main cause of pathology in this model of lung inflammation, a 
conclusion broadly supported by studies of animal models by other groups and 
consistent with the information from human studies. The potential roles of differ-
ent T-cell subsets are strikingly illustrated by the model. Although the functional 
separation of T cells into Thl and Th2 subsets was known to be relevant to protec-
tion and disease induction in parasitic infections, these studies were the first to 
indicate that such factors may also be relevant to disease induced by viruses. 
Further studies in mice may show how protective immunity can be induced with-
out inducing harmful secondary responses to RSV infection. Although the results 
from mouse studies should not be interpreted too literally in relation to human 
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disease, they illustrate the types of mechanism that may operate and suggest key 
studies that should be performed in man. 
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I. I N T R O D U C T I O N 

Mucosal surfaces serve as portals of entry for many infectious agents and at the 
same time constitute an elaborate defense system which includes the mucosa-asso-
ciated lymphoreticular tissue (MALT). The induction of protective mucosal im-
mune responses that would serve as a first line of defense for the host represents 
a considerable scientific and technological challenge and extensive efforts are cur-
rently underway worldwide to design vaccines able to confer protection at these 
vulnerable sites (Staats et al, 1994). In fact, the interaction between pathogens 
and MALT has piqued the interest of many scientists since the development of 
effective mucosal vaccines relies almost entirely on our understanding of the mu-
cosal inmiune system (Ogra et al, 1980; Mestecky and McGhee, 1987; McGhee 
and Mestecky, 1990). The introduction of the oral polio virus vaccine, which will 
soon result in the worldwide eradication of the disease, represents an excellent 
example of protection through mucosal vaccination. Mucosal immunization has 
the major advantage of inducing both secretory and systemic antibody responses 
and, moreover, the existence of a common mucosal immune system can be ex-
ploited to design vaccines able to protect mucosal surfaces that are less accessible 
to mucosal immunization (Mestecky, 1987; Phillips-Quagliata and Lamm, 1988; 
Scicchitano et al, 1988). 

The site of immunization and the choice of adjuvant and vehicles to deliver 
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vaccines all play important roles in determining the degree of dissemination of 
secretory IgA (S-IgA) antibodies, the predominant immunoglobulin isotype present 
in mucosal secretions (Mestecky and McGhee, 1987). In the gastrointestinal (GI) 
tract, Peyer's patches (PP) are one major source of IgA plasma cell precursors 
that undergo direct antigen-driven proliferation, migration, and differentiation to 
repopulate the intestinal lamina propria with specific IgA-producing plasma cells 
(Robertson and Cebra, 1976; Mestecky and McGhee, 1987). However, T-cell-me-
diated inmiune (CMI) responses are also associated with mucosal immunity and 
the homing of sensitized T cells appears to be similar to that described for IgA 
plasma cell precursors (Waldman and Ganguly, 1974; Tomasi, 1976; reviewed by 
Cerf-Bensussan et al, Chap. 20, this volume). Thus, the selective induction of 
humoral and cellular immune responses by mucosal vaccination is desirable for 
the prevention of the majority of microbial diseases. 

The differentiation pathways which T-helper (Th) cells undergo during mucosal 
and systemic immune responses is currently receiving extensive study, since it has 
been suggested that the function of mature Th cells is based upon the types of 
cytokines produced (Mosmann and Coffman, 1989; Mosmann and Moore, 1991). 
In particular, Thl cells, secreting IFNy, IL-2, and tumor necrosis factor-j8 (TNFj8), 
are associated with delayed-type hypersensitivity and are less efficient than the 
Th2 subset (producing IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13) in providing help 
for antibody responses. The pattern of antibody isotypes secreted during an im-
mune response is dependent upon the phenotype of the stimulating Th cells. Thus, 
in the murine system, Thl cells through the secretion of IFNy are more efficient 
in stimulating IgG2a production, whereas Th2 cells producing IL-4 induce IgGl 
and IgE antibodies (Snapper et al, 1988; Finkelman et al, 1989). 

Although the actual molecular basis for the generation of an IgA antibody re-
sponse in mucosal tissues has not yet been fully elucidated, the identification of 
cytokines that specifically stimulate IgA synthesis in vitro raises the possibility 
that specific cytokines are involved in the establishment of a mucosal microenvi-
ronment conducive to an IgA response. Both Th2- (e.g., IL-4, IL-5, IL-6 and IL-
10) and, to a lesser degree, Thl- (e.g., IL-2) type cytokines have been shown to 
influence maturation of surface IgA"^ B cells into IgA secreting plasma cells 
(Coffman et al, 1987; Murray et al, 1987; Beagley et al, 1988, 1989; Fujihashi 
et al, 1991; Ramsay et al, 1994). Antigen-specific B-cell responses to mucosally 
delivered vaccine proteins are dependent upon CD4'^ Th cells, and the frequency 
of Thl- and Th2-cell responses after mucosal inmiunization may determine the 
level and isotype of mucosal as well as systemic antibody responses. Thus, the 
knowledge of the type of immune responses (e.g., Thl or Th2) induced by an 
immunization regimen provides a powerful tool to design and screen candidate 
vaccines which elicit the desired immune response. For example, CMI responses 
may be preferable to clear infections due to intracellular pathogens while strong 
mucosal and serum antibody responses (better sustained by Th2-type cells) may 
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be required to neutralize the effect of soluble antigens such as bacterial toxins and 
proteolytic enzymes. 

In this chapter, we will summarize some of our recent findings on the role of 
Thl and Th2 cells and derived cytokines for the induction and regulation of muco-
sal and systemic inmiune responses to well-defined vaccines and delivery systems 
(Fig. 1). In addition, we will briefly discuss additional mucosal immunization ap-
proaches including mucosal delivery of soluble proteins, recombinant bacterial and 
viral vectors, and mucosal DNA (genetic) immunization. 

Mucosal Vaccines 

Soluble Proteins Live, Attenuated Microorganisms 

Plus Cholera or Labile Toxin 
(CT or LT) 

Adjuvants 
Microspheres 

Mucosal Inductive^ ^ /^^ 
Sites(GALT, NALT) ^ ^ 

rSalmonella typhimurium 
rBCG 
rAdenovirus 

r J V_ 
> 

CD4+ Th2>Th1 

CD8+ T2 > T1 

Th2 <Th1 CD4+ 

T2 <T1 CD8+ 

Common Mucosal Immune System 

Mucosal Effector Sites 

W^ ) >K 

IgA Response Th1 (CMI) I F N - Y \ 
T1 (CTL) IL-2 

TNF-p 

FIGURE L Scheme illustrating the principle that the nature of adjuvant or delivery system (including 
recombinant bacteria or viruses) influences the type of (Th) cells induced with subsequent mucosal or 
systemic antibody responses. There is also evidence that CD8^ CTLs may exhibit Tl-like or T2-like 
cytokine profiles and would contribute to humoral or CMI-type responses. 
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I I . T - H E L P E R S U B S E T S A N D B - C E L L R E S P O N S E S 

F O L L O W I N G O R A L I M M U N I Z A T I O N W I T H C H O L E R A T O X I N 

AS M U C O S A L A D J U V A N T 

The induction of optimal antigen-specific S-IgA antibodies following oral immuni-
zation with soluble protein antigens is often difficult to achieve since these pro-
teins are degraded by proteolytic enzymes present in the GI tract. Moreover, pro-
longed feeding or the administration of large doses of protein antigens may induce 
oral tolerance (Tomasi, 1980; Challacombe and Tomasi, 1980; Weiner et al, Chap-
ter 39). However, cholera toxin (CT) is known to be a strong mucosal immunogen 
and also acts as a mucosal adjuvant when administered orally together with unre-
lated proteins. Although several studies have shown that CT may have a direct 
effect on immune cells (Bromander et al, 1991; Woogen et al, 1987; Lycke et 
al, 1989; Lehman et al, 1988; Lycke and Strober, 1989; Munoz et al, 1990), the 
molecular mechanisms responsible for CT adjuvanticity have not yet been identi-
fied. Defining the molecular basis of the adjuvant effect of CT may allow the 
development of effective mucosal vaccines, and may contribute to the understand-
ing of mechanisms regulating mucosal inmiune responses. 

We have previously investigated the influence of CT on Thl- and Th2-type 
CD4"^ Th-cell subsets when the toxin was coadministered orally with the well-
defined protein antigen tetanus toxoid (TT) (Xu-Amano et al., 1993). Cytokine 
analysis of antigen-specific CD4^ T cells isolated from both the systemic (spleen; 
SP) and the mucosal compartments (Peyer's patches; PP) revealed that Th2-type 
responses were induced. In particular, a high frequency of IL-4- and IL-5-produc-
ing cells was observed during peak mucosal S-IgA and serum IgG anti-TT and 
anti-CT-B antibody responses (Jackson et al, 1993; Xu-Amano et al, 1993), while 
the frequency of IFNy- and IL-2-secreting cells remained at levels observed in 
unimmunized mice. Comparable cytokine patterns were noted both by the ELIS-
POT technique and by mRNA analysis. Moreover, using a quantitative reverse-
transcriptase PCR for cytokine-specific mRNA, a significant increase in IL-4 but 
not IFNy mRNA was observed in TT-stimulated CD4'^ T cells (Marinaro et al, 
1995). 

In order to correlate the cytokine profile observed in vitro with the antigen-
specific antibodies induced in vivo, we have recently analyzed the pattern of anti-
body isotypes and subclasses. Our analysis revealed that mice receiving CT and 
TT three times at weekly intervals had significant increases in TT-specific IgGl 
and IgE, sustained by Th2 cell-derived IL-4. Moreover, using two additional pro-
tein antigens [ovalbumin (OVA) and hen egg-white lysozyme (HEL)], we ob-
served a similar isotype and subclass distribution when the proteins were coadmin-
istered orally with CT Thus, anti-OVA or anti-HEL serum IgGl and IgE as well 
as S-IgA antibodies were detected. Taken together, the data show that the antibody 
isotype and IgG subclass response observed in vivo was consistent with the Th2-
type cytokine profile obtained by quantitative analysis of cytokine message. Thus, 
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Th2 cells and derived cytokines induced by the adjuvant CT supported serum 
IgGl, IgE, and mucosal S-IgA antibody responses (Fig. 1 and Table I). 

I I I . T - H E L P E R S U B S E T S A N D B - C E L L RESPC>NSES 

F O L L O W I N G O R A L I M M U N I Z A T I O N W I T H rSALmoNELLA 

Live attenuated Salmonella have been developed as mucosal vaccine delivery vec-
tors for recombinant proteins associated with microbial virulence (Curtiss et al, 
1993; Chatfield et al, 1993; Roberts et al, 1994). It has been shown that Salmo-
nella vaccines elicit protective antibody and CMI responses in the host after either 
parenteral or mucosal immunization (Chatfield et al, 1992; Roberts et al, 1994). 
Salmonella typhimurium, like other microorganisms, i.e., Leishmania major. Liste-
ria monocytogenes, or Mycobacterium tuberculosis, has been shown to induce a 
Thl-dependent immune response (Ramarathinam et al, 1991; Locksley and Scott, 
1991; Scott, 1991; Zhong and de la Maza, 1988; Flesch and Kaufmann, 1987; 
Muotiala and Makela, 1990). Further, IFNy, a Thl-type cytokine, is essential for 
clearing 5. typhimurium infection in vivo in part through the activation of macro-
phages for intracellular killing (Muotiala and Makela, 1990; Ramarathinam et al, 
1991, 1993; Mastroeni et al, 1992). 

In our studies, we have used recombinant (r) Salmonella typhimurium BRD 
847 (aro A-, aro D-) expressing the C fragment of tetanus toxin {rSalmonella-Tox 
C) under regulation of a nirB promoter. This delivery system was shown to induce 
long-lasting immune responses and protection against systemic lethal tetanus toxin 
challenge in mice following a single oral dose of 10^^ CFU (Chatfield et al, 1992; 
Roberts et al, 1994). Our studies showed that oral administration of xSalmonella-
Tox C to mice elicited mucosal S-IgA and serum IgG responses, primarily of the 
IgG2a and IgG2b subclasses. Further, supematants from both SP and PP CD4+ T-
cell cultures showed increases in Thl-type cytokines (e.g., IFNy and IL-2) as well 
as the Th2 cytokine IL-10, but not IL-4 or IL-5. To confirm these results, we 
assessed IFNy- and IL-2-specific T-cell responses by ELISPOT assay and signifi-
cant numbers of IFNy and IL-2 spot-forming cells (SFCs) were noted in CD4'^ 
T-cell cultures stimulated with TT. Analysis of mRNA by quantitative RT-PCR 
also revealed significant messages for Thl (IL-2 and IFNy) and Th2 (IL-10) cy-
tokines (VanCott et al, 1996). These results showed that TT-specific IgA responses 
were elevated in the GI tract following induction of mainly Thl cells producing 
IFNy and Th2 cells producing IL-10, but not Th2 cells producing IL-4 and IL-5 
in GI tract inductive sites (i.e., the PP) (Fig. 1). 

Induction of TT-specific IgA responses in a Thl-dominant environment could 
be explained by the existence of alternate or compensatory Th2 cell pathways. For 
example, in the absence of traditional Th2 type cells producing IL-4 and IL-5, IL-
10-secreting CD4"^ Th cells together with Thl cells may support both mucosal 
and systemic IgA responses. Moreover, we found that Mac-l"*" cells, which are 
enriched in macrophages, produced high levels of IL-6 in mice orally immunized 
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with rSalmonella. IL-6 has been shown to be the most effective terminal differenti-
ation factor for IgA-committed B cells to become IgA-producing cells in both 
human and murine systems (Beagley et al, 1989; Fujihashi et al, 1991). Further, 
it has been shown that IL-10 plays an essential role in IgA B cell differentiation 
in humans (Briere et al, 1994). These results suggested that Th2-derived IL-10, 
as well as macrophage-derived IL-6, may provide important signals for regulating 
mucosal S-IgA responses in the absence of Th2 cells producing IL-4 and IL-5 in 
mice orally immunized with rSalmonella-Tox C (Fig. 1). 

rv. M U C O S A L I M M U N I T Y I N C Y T O K I N E K N O C K O U T M I C E 

A. Studies in IFNy'^" Mice 

To examine the importance of IFNy in the development of vaccine-induced muco-
sal IgA responses, we immunized IFNy-deficient (IFN-y"^) mice with live, attenu-
ated rS. typhimurium BRD 847 expressing Tox C or with soluble TT with CT as 
adjuvant. IFNy" '̂ mice immunized with rSalmonella-Tox C showed increased se-
rum titers of TT-specific IgM, IgG, and IgA antibodies when compared with wild-
type mice, probably because of the substantial increase in numbers of Salmonella 
organisms in PP and SP of these mice. Analysis of the IgG subclasses revealed a 
shift from IgG2a in wild-type mice to IgGl in IFNy"̂ " mice. However, TT-specific 
IgE responses were not detected in mice orally immunized with rSalmonella. In 
contrast, wild-type and IFNy" '̂ mice immunized orally with TT plus CT also ex-
hibited a similar antibody isotype pattern which was characterized by serum IgGl 
and IgE responses. Both vaccine regimens were capable of inducing brisk mucosal 
S-IgA antibody responses in IFNy^" mice. These results suggested that the lack of 
IFNy, which markedly affected the development of serum IgG2a responses, did 
not alter mucosal S-IgA responses to either a Thl (i.e., rSalmonella-Tox C vac-
cine) or a Th2 (i.e., combined TT plus CT vaccine) vaccine regimen. 

When cytokine profiles were evaluated by cytokine-specific ELISPOT and 
ELISA in CD4+ T cells from PP and SP of IFNy^" mice orally inmiunized with 
vSalmonella-Tox C, as expected no IFNy production was noted following in vitro 
restimulation of CD4"^ T cells with TT antigen in the presence of accessory cells 
(Table I). However, two Th2-derived cytokines, IL-4 and IL-5, were increased. 
The increase in IL-4 and IL-5 cytokines was consistent with the induction of 
serum IgGl antibodies since this IgG subclass is regulated by IL-4. In this regard, 
IFNy"̂ " mice orally immunized with TT plus CT also developed a typical Th2-
type response that was similar to that induced in wild-type mice. Thus, the lack of 
IFNy had profound effects on the type of immune response elicited by an oral 
rSalmonella vaccine, which normally induces strong Thl-type IFNy-producing T 
cells and IgG2a-producing B cells, but had little effect on the development of 
immune responses to TT dehvered with CT adjuvant (Table I). These findings 
provide additional evidence that delivery of TT by rSalmonella vector versus coad-
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TABLE! 

TT-SPECIFIC T H I AND T H 2 CYTOKINE PROFILES O F CDA'^ T CELLS FROM NORMAL, lL-4~^~ 

AND IFNy~^~ M I C E 

IL-4-/-
xSalmonella 
TT + CT 

WNy-'-
vSalmonella 
TT + CT 

Normal 
rSalmonella 
TT + CT 

Thl 

IFNy 

+ + 
+ 

-
— 

+ 
-

type 

IL-2 

+ 
+ 

-
— 

+ 
— 

IL-4 

-
— 

+ 
+ 

-
+ 

Th2 type 

IL-5 

-
— 

+ 
+ 

-
+ 

IL-10 

+ + 
— 

+ 
+ 

+ 
+ 

Mucosal 
IgA 

+ + 
-

+ + 
+ + 

+ + 
+ + 

ministration of TT with CT as an adjuvant selectively elicits Thl- versus Th2-type 
responses to TT, respectively, in normal mice (Fig. 1 and Table I). 

B. Studies in IL-A'^' Mice 

IL-4 is a growth and differentiation factor for B cells and induces the differentia-
tion of T cells toward a Th2 phenotype (Le Gros et al, 1990; Sad and Mosmann, 
1994; Swain et al, 1990). The original study which described the development of 
IL-4 gene-disrupted (IL-4" '̂) mice provided evidence that Th2-type cytokines were 
not expressed by CD4"^ T cells in this strain (Kopf et al, 1993). In order to 
determine if IL-4 was essential for the induction of antigen-specific mucosal and 
systemic immune responses, we immunized IL-4" '̂ mice with rSalmonella-Tox C 
or with TT coadministered with CT as adjuvant. Oral immunization of IL-4"̂ " mice 
with rSalmonella-Tox C resulted in TT-specific mucosal S-IgA and serum IgG 
responses that were comparable to those seen in wild-type mice. On the other 
hand, IL-4" '̂ mice orally immunized with TT and mucosal adjuvant CT showed 
significantly lower levels of mucosal S-IgA anti-TT antibody responses when com-
pared with wild-type mice; however, serum IgG anti-TT antibody levels were sim-
ilar in both mouse strains. Of interest was the finding that IgG2a was the major 
IgG subclass induced in serum of IL-4"̂ " mice immunized with either oral regimen 
(Okahashi et al, 1996). Neither total nor TT-specific IgE or IgGl responses were 
induced in IL-4"̂ " mice immunized with either vaccine preparation, confirming the 
notion that IL-4 plays a necessary role for the induction of antigen-specific IgGl 
and IgE responses (Kopf et al, 1993). These results supported the results from 
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normal mice that oral Salmonella vaccines potentiate mucosal S-IgA responses to 
expressed proteins in the absence of IL-4 (Table I). 

In order to determine which cytokines contribute to the induction of vaccine 
antigen-specific mucosal S-IgA antibody responses, PP and SP CD4"^ T cells from 
IL-4" '̂ mice orally immunized with rSalmonella-Tox C or with TT plus CT were 
restimulated in vitro with TT-coated latex beads in the presence of feeder cells. 
Table I summarizes the cytokine profile of IFNy"̂ " and IL-4'^' mice orally immu-
nized with Salmonella expressing Tox C or with TT plus CT. 

Oral xSalmonella induced strong IFNy responses in IL-4" '̂ mice. However, IL-
5 was also not induced in CDA^ T cells from Ih-A'' mice given xSalmonella, 
suggesting that IL-4 and IL-5 may be coregulated. The most interesting result 
was the observation that CDA^ T cells from vSalmonella-immmAzQd IL-4"̂ " mice 
produced both IL-6 and IL-10 (Okahashi et al, 1996). On the other hand, IL-4"̂ " 
mice orally inmiunized with TT plus CT showed no increase in Th2-type cyto-
kines (IL-5, IL-6, or IL-10). These results indicate that IL-4 is necessary for the 
development of antigen-specific mucosal IgA responses when TT is coadminis-
tered with the mucosal adjuvant CT. In this regard, others have also shown that 
IL-4" '̂ mice failed to respond to soluble protein antigens given orally with CT as 
a mucosal adjuvant (Vajdy et al, 1995). In our studies, IL-4 was not an essential 
cytokine for the induction of antigen-specific mucosal IgA antibody when the vac-
cine was delivered to mucosa-associated tissues by a recombinant live vector (e.g.. 
Salmonella), Taken together, our findings show that oral immunization with xSal-
monella expressing a foreign antigen induces antigen-specific mucosal IgA re-
sponses without a requirement for either IFNy or IL-4. Our studies provide further 
evidence that IL-4 from Th2-type cells is involved in mucosal adjuvanticity in-
duced by CT. 

V. L I V E A T T E N U A T E D A D E N O V I R U S V E C T O R S D E L I V E R 

T R A N S G E N E S T O T H E R E S P I R A T O R Y E P I T H E L I A 

Delivery of vaccine antigens to the upper respiratory tract is a promising approach 
for inducing protective mucosal and systemic inmiune responses. The ability of 
some adenoviruses to invade the respiratory tract was exploited for the delivery 
of recombinant vaccine antigens intranasally. Attenuated adenovirus vectors for 
expression of heterologous antigen were constructed both for gene therapy and for 
induction of immunity to transgenes. In this regard, most adenovirus-based deliv-
ery vehicles have been derived from group C adenoviruses, initially rendered repli-
cation-deficient by deletion of the El region (Graham and Prevec, 1992). The El 
region encodes for the immediate early gene products and is required for initiation 
of viral replication. Further attenuations have been achieved by deletions of other 
early genes, which include the E3 and E4 regions. An Ade5 double mutant (El/ 
E3 deleted) carrying the lacZ gene (Ade5-/«cZ) was used in our studies. Although 
the deletion of the E3 region was not required for rendering the vector replication-
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deficient, its deletion may increase the vector immunogenicity since the E3 region 
is associated with persistent infection of group C adenovirus in lymphoid tissues 
(Wold and Gooding, 1989). 

In order to better understand the immune response to adenoviral vectors, CD-I 
and C57BL/6N mice were inmiunized intratracheally (i.t.), intranasally (i.n.), or 
intraperitoneally (i.p.) with the Ade5-lacZ vector. The resulting immune responses 
were characterized by elevated serum IgA, IgM, and IgG titers to the vector as 
well as to j8-galactosidase (j8-gal). These inmiune antibodies were derived from 
the mucosal and systemic compartments of the lung, lower respiratory lymph 
nodes (LRLN), nasal passages (NP), and, to a lesser degree, the systemic compart-
ment of the spleen, when lymphoid cells from these tissues were assessed by the 
ELISPOT method (van Ginkel et al, 1995). Significant levels of IgA and IgM 
antibodies were detected in bronchial lavages from these mice. The immune serum 
IgG antibodies were predominantly composed of the IgG2b subclass, and to a 
lesser extent consisted of IgGl and IgG2a antibodies specific for the Ade5 vector 
and IgG2a antibodies specific for j8-gal. This observation differs from what was 
obtained with inmiune responses to wild-type Ade5 virus which was characterized 
by an IgG2a-dominated antibody response (Coutelier et al, 1990). 

The lung functions as an effector site for the generation of immune responses 
by i.t. administration of Ade5-lacZ. Antigen-specific mononuclear cells are gener-
ated in draining lymph nodes (Bienenstock and Clancy, 1994), which is consistent 
with our finding that elevated levels of antibody-producing (AFC) were present in 
the LRLN. Subsequent studies will address the relative importance of IFNy for 
inmiunity to Ade5 vectors and j8-gal. To determine the types of cytokines induced 
following i.t. administration of Adt5-lacZ vector, IFNy knockout (IFNy^) mice, 
and wild-type mice received three i.t. instillations. Following in vitro stimulation 
of splenic lymphocytes with inactivated Ade5 virus, a Th2-cytokine profile was 
obtained. In contrast, in vitro stimulation with j8-gal induced low levels of IL-4 
secretion in IFNy"̂ " mice, whereas a dominant Thl-type response was observed in 
normal (IFNy"̂ "̂*") mice. Furthermore, IFNy"̂ " mice displayed decreased IgG2a 
and IgG3 antibody levels to both adenovirus and j8-gal when compared to normal 
mice. This demonstrates the propensity of IFNy"̂ " mice to elicit a Th2-mediated 
IgG antibody profile, while no significant changes in IgA and IgG serum antibody 
levels were observed. Furthermore, the viral neutralization titers in the serum of 
normal and IFNy"''" mice were identical. Virus neutralization titers, an important 
parameter of protective immunity, were more dependent on the route of Ade5-/^cZ 
administration (i.n. gave the lowest and i.p. the highest serum neutralization titers) 
than on the presence or absence of IFNy. This demonstrates that anti-Ade5 vector 
immunity does not require IFNy for inmiune protection, and suggests that the 
manner in which the transgene (vaccine gene) is expressed, i.e., intracellular or 
secreted, will dictate the type of Th-cell immunity that will be induced. 



470 Mariarosaria Marinaro et al. 

VI. P O L Y N U C L E O T I D E M U C O S A L V A C C I N E S 

A limitation to the development of vaccines against viruses such as influenza is 
the diversity of viral envelope proteins among different strains. Therefore, efforts 
in vaccine development have focused on induction of memory cytotoxic T lym-
phocytes (CTLs) that react to epitopes shared by different strains of virus. Most 
efforts to generate CTL responses have used replicating vectors either to produce 
the antigen in the host cell or for delivery of peptides into the cytoplasm. How-
ever, the selection of peptide epitopes presented by MHC molecules is dependent 
on the structure of an individual's MHC molecules, and the peptide approach has 
shown some limitation in humans. As an alternate method of inmiunization against 
influenza, DNA vaccines are a promising approach for protection of mucosal sur-
faces. Like recombinant vectors, the transfected DNA results in presentation of 
antigenic epitopes in association with class I MHC. In addition, the significant 
advantages of using gene transfer technology for mucosal immunization against 
influenza are that (i) no infectious agents are being used, (ii) combined vaccines 
are easily and rapidly made, (iii) DNA stability is not affected by high temperature 
and therefore is more suitable for third-world vaccination. 

The feasibility of polynucleotide vaccines was first shown in studies using di-
rect injection of plasmid DNA into the quadriceps of mice (Wolff et al, 1990). In 
the past year, many studies have shown that protection against mucosal pathogens 
may be achieved by DNA immunization (Wang et al, 1993; Fynan et al, 1993; 
Ulmer et al, 1993; Lowrie et al, 1994; Xu and Liew, 1994). Most DNA immuni-
zation protocols performed so far have used inoculation of the DNA into muscle 
cells or by particle bombardment into dermal or epidermal cells (Danko and Wolff, 
1994). In natural states, most foreign antigens are first confronted by the mucosae. 
Thus, gene administration to the mucosae would mimic exposure to most patho-
gens and may more efficiently induce a protective immune response. In this re-
gard, studies by Robinson et al (unpublished) suggest that intranasal inoculation 
of a plasmid expression system for influenza hemagglutinin (HA) induces resis-
tance to lethal challenge with live influenza viruses in mice (Fynan et al, 1993). 
Therefore, we have undertaken studies aimed at targeting DNA encoding HA to 
the lung in order to induce a protective mucosal immune response against influ-
enza A viruses. We are currently assessing the immune response obtained by intro-
duction of HA plasmid DNA by either intranasal or intramuscular injection. The 
plasmid construct expressing HA comprises the cytomegalovirus (CMV) immedi-
ate early promoter, the complete sequence of HA cDNA from A/PR/8/34 influenza 
virus, and rat p;"eproinsuHn II sequences including eukaryotic enhancer regulatory 
elements and a polyadenylation site. High titers of serum anti-HA IgG antibodies 
were detected in mice following intramuscular immunization with HA-encoding 
plasmid. Since the major IgG subclass was IgG2a followed by IgG2b, it is likely 
that Thl-type cells producing IFNy were responsible for the induction of those 
antibody responses. On the other hand, mucosal delivery of the plasmid did not 
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result in detectable titers of antibodies at either the systemic or mucosal level. 
Thus, our current studies are directed toward defining delivery systems that are 
optimal for the induction of a protective immune responses by mucosal immuniza-
tion with the HA encoding plasmid. 

VII. SUMMARY 

We have used both normal and cytokine knockout mice to help determine the 
precise requirements for CD4^ Th-cell regulation of serum IgG subclass and mu-
cosal IgA antibody responses. In these studies, we have used different oral deliv-
ery systems to induce mucosal and systemic antibody responses to the vaccine TT 
and to other vaccine antigens (Fig. 1). In normal mice, oral administration of TT 
with CT as an adjuvant induced Th2-type cells and cytokines which led to mucosal 
IgA and serum IgGl, IgA and IgE responses. On the other hand, oral immuniza-
tion with vSalmonella-Tox C results in Thl-type responses as well as Th2-cell-
derived IL-10 and macrophage-derived IL-6 which correlated with mucosal IgA 
and serum IgG2a antibody responses. Intranasal immunization with recombinant 
adenovirus expressing j8-gal-induced Thl-type responses to j8-gal and Th2-type 
responses to the adenovirus. 

Two major conclusions can be drawn from our studies with the TT antigen in 
normal, IFNy" '̂, and IL-4'̂ " mice. First, oral administration of rSalmonella-Tox C, 
which elicits classical Thl-type responses, also induces significant mucosal S-IgA 
antibodies when given to mice with defective Thl- (IFNy"̂ ") or Th2 (IL-4'^) cyto-
kine pathways. Interestingly, we detected Th2-type cells producing IL-10 and mac-
rophages secreting IL-6 in both normal and cytokine deficient mice, and we postu-
late that these two cytokines are of importance for murine S-IgA responses. 
Second, oral administration of TT plus CT as an adjuvant induces classical Th2-
type responses in both normal and IFNy"̂ " mice. Further, lack of IL-4 results in 
abrogation of TT-specific mucosal IgA responses. Thus, the IL-4 pathway is neces-
sary for mucosal IgA responses induced after oral immunization with a protein 
vaccine and the mucosal adjuvant cholera toxin. 

We have continued efforts to develop other mucosal delivery systems which 
would favor induction of protective mucosal immunity to virus infection. Our ini-
tial studies with live attenuated adenovirus vector indicated that both serum and 
mucosal antibody responses were induced following immunization via the respira-
tory tract. Genetic mucosal immunization with DNA (or mRNA) from pathogenic 
viruses which exhibit antigenic variation, would offer the possibility for induction 
of CTL responses to cross-reactive epitopes. We are currently pursuing this ap-
proach with an influenza HA DNA vaccine. 
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Although the immune apparatus is remarkably diverse, there is strong evidence 
that certain specialized types of immune responses take place and are basically 
restricted to certain anatomic locations within the body. The gut-associated 
lymphoid tissue (GALT), the largest manmialian lymphoid organ system, and the 
broncho-associated lymphoid tissue (BALT) represent well-known examples of 
such compartmentalized immunological systems as evidenced by (i) the existence 
of defined lymphoid microcompartments within the gut and the airway mucosae, 
(ii) phenotypically and functionally distinct B-cell, T-cell, and accessory-cell sub-
populations (Brandtzaeg, 1995), and (iii) restrictions imposed on lymphoid cell 
recirculation potential to (and from) various tissues (Picker and Butcher, 1994). 
Through the compartmentalization of their afferent and efferent limbs, the GALT 
and the BALT function essentially independently of the systemic immune appa-
ratus. 

Immune responses expressed in mucosal tissues are typified by secretory immu-
noglobulin A (S-IgA), the predominant Ig class in human external secretions (and 
by far the most abundant Ig class in the body), and the best known entity provid-
ing specific inmiune protection for the gut and other mucosal tissues (Mestecky et 
al, 1987). Generation of a protective S-IgA immune response at mucosal surfaces, 
where many significant infections begin, is thus of paramount importance but is 
not readily achieved by the conventional route of parenteral injection, although 
this is usually effective in eliciting circulating antibodies. In contrast, mucosal 
administration of antigens, such as by ingestion, inhalation, rectal instillation, or 
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topical deposition onto a mucosal surface, may result in the concomitant expres-
sion of S-IgA antibody responses in various mucosal tissues and secretions, usu-
ally without a pronounced systemic antibody response (Mestecky, 1987). It is gen-
erally beheved that ingested antigens, once taken up by speciaHzed epithelial cells 
covering the Peyer's patch dome ("M" cells) and by absorptive epithelial cells of 
the villi, can be channeled to professional antigen-presenting cells (parenchymal 
intestinal macrophages and dendritic cells), and/or can be processed and presented 
directly by those same epithehal cells to underlying B and T lymphocytes. It is 
also believed that inhaled antigens are uptaken by similar types of cells in the 
airway epithelium. Following interaction of the antigen with accessory cells and 
cognate helper T cells and/or B lymphocytes in the local microenvironment of the 
gut and of the lung mucosae, the sensitized immunocytes, in particular antigen-
sensitized B cells but presumably also T cells, leave the patches or their inductive 
counterpart in the bronchoalveolar mucosa, transit through the draining lymph 
nodes (mesenteric or bronchial lymph nodes) and the thoracic duct, enter the circu-
lation, and then seed the gut and/or the lungs as well as other mucosal tissues. This 
latter condition appears to be effected through site-specific receptors ("homing" 
receptors) on mucosal lymphoid cells plus the presence of complementary struc-
tures ("addressins") associated with tissue-specific vascular endothelial cell sur-
faces (Picker and Butcher, 1994). In their new locations, the committed B cells 
may further differentiate into plasma cells producing secretory antibodies, mainly 
S-IgA. The utihzation of organ-specific endotheUal cell recognition mechanisms 
by circulating precursors of mucosal IgA immunoblasts and presumably also of 
mucosal T-cell immunoblasts could explain both the unification of immune re-
sponses in diverse mucosal sites and the physiologic segregation of mucosal from 
nonmucosal immune mechanisms. The notion of a "common mucosal immunolog-
ical system" that provides immune reactivity not only at the site of antigen deposi-
tion but also at remote mucosal sites is especially important when considering 
strategies of vaccination against mucosal pathogens. Indeed, enteric delivery of 
immunogens is the most pratical and safe immunization route and may be the 
most efficient means to achieve protection against mucosal pathogens. 

I. I N D U C T I O N O F G E N E R A L I Z E D S E C R E T O R Y IgA 

A N T I B O D Y R E S P O N S E S 

The induction of S-IgA responses via ingestion, inhalation, or topical deposition 
of nonreplicating antigens often requires large amounts of antigen to be delivered 
repeatedly. The general exceptions to this rule are antigens, soluble and particulate, 
with the capacity to adhere to intestinal epithelial cells, especially M cells of the 
PP (de Aizpurua and Russel-Jones, 1988). Among these molecules, cholera toxin 
(CT) and its nontoxic B subunit (CT-B) are considered the most potent mucosal 
immunogens in humans. 
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Induction of mucosal immune responses has been studied mainly following 
peroral immunization, and the importance of PP in induction of intestinal immune 
responses and the dissemination of IgA-committed B cell precursors to distant 
tissues has been demonstrated clearly (Robertson and Cebra, 1976). Animal stud-
ies have demonstrated the appearance of specific antibody-secreting cells (ASC) 
not only in the intestine, but also in secretory glands, following oral immunization 
(Weisz-Carrington et al, 1979). In addition, many studies performed in orally 
immunized volunteers have demonstrated the appearance of specific antibodies in 
external secretions, such as saliva, tears, and milk, from glands anatomically re-
mote from the intestinal inductive site. These responses were often recorded with-
out an accompanying response in serum (Mestecky et al, 1987). Taken together, 
these studies led to the notion of a common mucosal immune system. According 
to this generally accepted concept, the generalization of immune responses elicited 
at mucosal inductive sites is accomplished by migration of lymphocytes from the 
inductive site, via the circulation, to remote mucosal effector sites. Studies from 
both our laboratory and others have demonstrated that vaccine-specific ASC can 
be detected in the circulation during a narrow time-span after peroral immuniza-
tion of human volunteers (Kantele et al, 1986; Czerkinsky et al, 1987; Fig. 1). 
Furthermore, such cells could subsequently be detected in minor salivary glands 
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FIGURE 1. Mucosal immunization via different routes gives rise to circulating vaccine-specific anti-
body-secreting cells (ASC). Bars represent the frequencies of circulating IgA (filled bars) and IgG 
(shaded bars) ASC 1 week after peroral, rectal, intranasal, or intratonsillar immunization of human 
volunteers with cholera toxin B subunit (CTB). Data are presented as mean ± standard deviation of 6 
to 23 individual analyses. 
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(Czerkinsky et ah, 1991), thereby providing a formal demonstration that a com-
mon mucosal immune system is operational also in humans. 

II . C O M P A R T M E N T A L I Z E D M U C O S A L I M M U N E R E S P O N S E S 

IN H U M A N S A N D S U B H U M A N P R I M A T E S 

Although mucosal immunizations at various inductive sites result in the character-
istic dissemination of secretory immune responses, the regions close to the initial 
site of antigen encounter exhibit a more powerful response than more distant mu-
cosal sites (Ogra and Karzon, 1969, Pierce and Cray, 1982, Haneberg et al, 1994). 
For instance, results from our laboratory show that oral immunization may induce 
substantial antibody responses in the small intestine (prominently in the proximal 
segment), in the ascending colon, and in some distant exocrine glands such as the 
mammary and salivary glands, whereas it is relatively inefficient at evoking an 
IgA antibody response in the distal segments of the large intestine, in the tonsils, 
or in the female genital tract mucosa. Conversely, rectal immunization evokes 
strong local antibody responses in the rectum but Httle or no response in the small 
intestine and colon. Similarly, intranasal or intratonsillar immunization in human 
volunteers results in antibody responses in the upper airway mucosa and regional 
secretions, without evoking an immune response in the gut. This compartmental-
ization of mucosal immune responses seems to be the result mainly of preferential 
migration of activated cells back to their inductive site. Similar to the situation 
after peroral immunization, such migrating ASC can be intercepted in the circula-
tion of volunteers immunized with CT-B via the rectal, intranasal, and intratonsil-
lar route (Fig. 1). 

Since CTB orally administered to human volunteers is essentially absorbed in 
the proximal segments of the small intestine, we recently studied the possible 
redistribution of specific immunocytes to other segments of the gut and to extra-
intestinal locations after oral immunization with CT. For this purpose, we em-
ployed cynomolgus macaques. The characteristics of their intestinal antibody re-
sponse to orally administered CT are partially compiled in Table I. Thus, intestinal 
IgA-ASC responses of appreciable magnitude developed in monkeys fed CT; these 
responses occured as two decreasing gradients, one from the proximal part of the 
small intestine and the second from the first segment of the large intestine. Another 
burst of specific IgA-ASC was occasionally observed in the rectum. It could fur-
ther be noted that strong IgG- and IgM-ASC responses were present in the de-
scending colon, contrasting with the relatively poor IgA response in that segment. 
It is also interesting to note that large numbers of IgG-ASC were detected in 
mesenteric lymph nodes of monkeys fed CT, contrasting with a paucity of specific 
IgG-ASC in spleen and peripheral lymph nodes. The latter observation would sug-
gest that IgG antibodies which contribute the major isotype found in serum of 
animals fed CT are in fact derived mainly from a mucosal and not a systemic 
source. 
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FIGURE 2. Cell surface expression of differentiation markers by circulating vaccine-induced anti-
body-secreting cells (ASC). Bars indicate the percentage of vaccine-specific IgA- (filled bars) and IgG-
producing (shaded bars) ASC expressing the indicated cell surface molecule following peroral (A) and 
subcutaneous (B) immunization of human volunteers. Data are presented as mean ± standard deviation 
of six individual analyses. 
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TABLE I 

ORAL ADMINISTRATION O F C T IN MACAQUES INDUCES ANATOMICALLY SEGMENTED A S C 

ASC 

IgA 
IgG 

Duodenum 

+ + + 
+ 

RESPONSES 

Jejunum 

+ + 
+ 

IN THE INTESTINE 

Ileum AC 

± + + + 

TC 

+ 

DC 

+ + + 

Note. Groups of cynomolgus macaques (three or four animals) were fed three doses of CT (25 )LLg) 3 
to 4 weeks apart. One week after the last immunization, the animals were sacrificed and immunocytes 
were isolated and assayed for ASC numbers by ELISPOT assays. Plus signs denote magnitude of the 
ASC responses: + + + , over 1000 ASC; + + , 200-1000 ASC; + , 50-200 ASC; ± , 10-50 ASC per 
miUion isolated immunocytes. AC, ascending colon; TC, transverse colon; DC, descending colon; 
MLN, mesenteric lymph nodes. 

Another example of compartmentalized immune response within the so-called 
common mucosal immune system is provided by the results of recent studies in-
volving intratonsillar delivery of immunogens in human volunteers. We examined 
the capacity of human tonsils to serve as expression sites of locally versus re-
motely induced immune responses. In these studies we found that peroral cholera 
vaccination or parenteral tetanus vaccine were at best poorly efficient at inducing 
an antibody response in tonsils (Quiding-Jarbrink et al, 1995a). In contrast, injec-
tion of either immunogen into palatine tonsils gave rise to ASC responses that 
were restricted to the immunized tonsil and comprised both IgA and IgG-secreting 
cells. Similarly, intranasal immunizations with CTB induced an response that was 
expressed primarily in the adenoids but poorly in the palatine tonsils. The fact that 
IgA-ASC would appear in the circulation after either intratonsillar or intranasal 
immunization (Fig. 1) indicates that the nasal mucosa and the tonsils may well 
serve important inductive functions as sources of B-cell precursors whose destiny 
might be elsewhere than the tonsils. One possible destiny for these cells would 
appear to be the lungs, as suggested by recent studies involving engraftment of 
human tonsillar B cells in SCID mice (Nadal et al, 1991) 

Taken together, the results of these studies demonstrate a high degree of ana-
tomical segmentation within the MALT of primates, with respect to redistribution 
of IgA- and IgG-secreting ASC. They also lend support to the notion that progeni-
tors of mucosally derived IgA and IgG immunoblasts do indeed exhibit distinct 
migratory properties. 

I I I . C H A R A C T E R I S T I C S O F C I R C U L A T I N G A N T I G E N - S P E C I F I C 

M U C O S A L B - C E L L I M M U N O B L A S T S I N H U M A N S 

As already mentioned, mucosal inmiunization via dehvery of immunogens by vari-
ous routes, e.g., rectal, intranasal, and peroral, will almost invariably result in the 
appearance of circulating B cells capable of spontaneously producing antibodies to 
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the immunizing agent. Though these cells do secrete amounts of immunoglobulins 
comparable to their plasma cell progenitors, very little is known regarding their 
phenotypic characteristics, activation stage, and anatomical future. 

We have recently developed a simple and general approach to determine the 
expression of selected cell-surface molecules by specific ASC (Lakew et al, 
1995). The technique, which makes use of the combination of immunomagnetic 
cell separation and ELISPOT techniques, allowed us to compare the phenotypes 
of vaccine-specific B cells in blood from volunteers immunized with oral cholera 
vaccine containing CTB and parenteral tetanus vaccine (Quiding-Jarbrink et al, 
1995b). 

From these studies it was evident that the vast majority of ASC originating 
from either systemic or mucosal sites, although not yet plasma cells, were under-
going final differentiation. Circulating ASC expressed CD38, specifying terminally 
differentiated B cells and plasma cells, but not the plasma cell marker CD28 (Fig. 
2). Furthermore, these cells still expressed HLA-DR, surface Ig, and CD19, all of 
which are lost immediately before or during the transition of plasmablasts to 
plasma cells. In addition, several cell surface molecules defining early, mature, 
and blastic B cells (CD37, CD20, CD22, CD23) were more or less absent from 
the surface of vaccine-specific ASC (Table II). Generally, systemically derived 
ASC seemed to be a somewhat more heterogenous population than ASC induced 
by oral immunization. Furthermore, expression of activation markers (CD25 and 
CD71, the receptors for IL-2 and transferrin) was always detected on a smaller 
fraction of CTB-specific ASC than on tetanus toxoid (TT)-specific ASC (Table II). 
The higher expression of CD25 and CD71 on TT-specific than on CTB-specific 
ASC suggest that the former population have a higher propencity to proliferate 
than intestinally derived ASC. Indeed, the ability of specific ASC induced by par-
enteral immunization to proliferate and give rise to additional ASC has been dem-
onstrated (McHeyzer-Williams et al, 1993). 

Taken together, our observations indicate that vaccine-induced, enterically de-
rived ASC constitute one homogenous population with regard to expression of 
maturation markers. The systemically induced ASC population, on the other hand, 
was more heterogenous. Furthermore, these results support the theory that circulat-
ing ASC induced by immunization at various mucosal and systemic sites represent 
B-cell immunoblasts en route to their effector sites, in which final differentiation 
into plasma cells take place. 

IV. A D H E S I O N M O L E C U L E S O N C I R C U L A T I N G ASC I N 

HuMANS: P R E D I C T I V E M A R K E R S O F A N A T O M I C A L F U T U R E ? 

The previously documented compartmentalization and restricted homing within 
the human mucosal imune system led us to examine the expression of organ-
specific adhesion molecules, so-called "homing receptors," on the surface of mi-
grating B cells activated at different mucosal and extramucosal sites. 

The process of lymphocyte homing is dependent on binding of adhesion mole-
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TABLE II 

EXPRESSION O F DIFFERENTIATION MARKERS ON CIRCULATING C T - B - AND TT-SPECIFIC 

ASC ISOLATED 1 W E E K AFTER ORAL AND SYSTEMIC IMMUNIZATION 

Surface marker 

CD28 
CD20 
CD22 
CD23 
CD25 
CD71 

Anti-CTB 

IgA IgG 

7 ± 7 4 ± 1 
20 ± 8 38 ± 16 

8 ± 8 8 ± 6 
1 1 ± 4 1 9 ± 8 
4 ± 3 3 ± 3 

32 ±11 38 ± 1 4 

IgA 

20 ± 1 3 
52 ±29 
24 ± 9 
46 ±19 
18 ±18 
77 ± 2 0 

Anti-TT 

IgG 

23 ± 1 3 
50 ± 1 3 
21 ± 7 
46 ± 17 
20 ± 2 
35 ± 6 

Note. Data are expressed as mean relative percentage ± S. D. of specific ASC expressing the 
indicated cell surface marker. 

cules expressed on lymphocyte to their Hgands, "addressins," on postcapillary 
high-endotheHum venules (HEV) in the target organ. According to the generally 
accepted model of endothelial recognition and extravasation, transient and revers-
ible interactions between selectins and their carbohydrate ligands mediate primary 
HEV recognition and lymphocyte rolling. These signals, in concert with binding 
of endothelial surface molecules and/or surface-bound chemokines, induce rapid 
activation of integrins. Integrin binding to endothehal counterreceptors results in 
strong adhesion and triggers extravasation (Picker and Butcher, 1994). 

In humans, the best-characterized adhesion molecules confering tissue-specific-
ity are integrin a4j87, L-selectin, and their respective ligands. Q;4JS7 is a receptor 
for the mucosal addressin cell adhesion molecule (MAdCAM-1), and is thereby 
selectively involved in lymphocyte trafficking to mucosal lymphoid tissues and 
lamina propria. L-selectin has been identified as a lymphocyte homing receptor 
mediating homing to peripheral lymph nodes, but is also involved in lymphocyte 
traffic to organized mucosal lymphoid tissues. In addition, it has been shown that 
the hyaluronate-binding molecule CD44 mediates lymphocyte binding to mucosal 
HEV in vitro. The potential function of CD44, however, has not yet been estab-
lished in vivo. 

Using the same approach as in the analyses of differentiation markers described 
above, we examined the expression of CD44, a4j87-integrin, and L-selectin on 
circulating ASC elicited by parenteral, peroral, rectal, and intranasal immunization. 
The results of these studies showed that almost all (>95%) vaccine-specific ASC, 
irrespective of immunization route, expressed CD44. Furthermore, virtually all cir-
culating Ig-secreting cells, irrespective of specificity, express CD44, and it is thus 
not a useful marker of ASC origin or destination. 

The expression of L-selectin and a4jS7, on the other hand, varied considerably 
between ASC populations induced at different sites. Almost all TT-specific ASC 



34. Mucosal Immune Responses in Humans 485 

activated at systemic sites expressed L-selectin, whereas a smaller but significant 
proportion of these ASC expressed a4j37. Oral, as well as rectal, immunization 
resulted in a reciprocal distribution of a4j87 and L-selectin compared to parenteral 
immunization. Thus, almost all circulating ASC activated by intestinal immuniza-
tion expressed a4j87, whereas less than half of these cells expressed L-selectin. A 
third pattern of homing receptor expression was seen among ASC activated by 
intranasal immunization. In contrast to intestinally derived ASC, the large majority 
of these cells coexpressed Q:4/37 with L-selectin (Fig. 3). 

The differential expression of adhesion molecules on circulating ASC, not only 
from systemic but also from different mucosal sites, may provide a molecular 
basis for the previously documented compartmentalization of immune responses 
initiated at different anatomical locations, and for the compartmentalization of mu-
cosal immune systems of the upper versus the lower aerodigestive tract. Inter-
estingly, the distribution of a4j87 and L-selectin is similar on both IgA- and 
IgG-secreting cells, irrespective of inmiunization route. Nevertheless, our earlier 
studies have shown considerable differences in the distribution of IgA- and IgG-
secreting cells induced by peroral immunization. IgA-secreting cells clearly domi-
nate the B-cell responses recorded in some mucosal effector compartments such 
as the duodenal mucosa and the salivary glands, whereas IgG-secreting cells domi-
nate in the mesenteric lymph nodes and colonic mucosa. Therefore, additional 

L-selectin integrin a4p7 

subcutaneous 

peroral 

rectal 

intranasal 

FIGURE 3, Expression of adhesion molecules by circulating vaccine-specific antibody-secreting cells 
(ASC) induced by different immunization routes. Bars represent the percentage of vaccine-specific 
IgA- (filled bars) and IgG-producing (shaded bars) ASC induced by subcutaneous, peroral, rectal, or 
intranasal immunization, expressing the indicated adhesion molecule. Data are presented as mean ± 
standard deviation of 4 to 10 individual analyses. 
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recognition events other than a4j87 and L-selectin binding must take place to 
succesfuUy direct a migrating ASC to its particular effector site. 
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We describe the recent development of safe and efficacious oral vaccines against cholera and 
Escherichia coli diarrhea, and current efforts to use the cholera toxin-binding subunit as an 
immunostimulatory carrier and transmucosal delivery system for inducing mucosal immunity 
as well as systemic "oral tolerance" against attached foreign antigens. Beyond their implications 
for the development of anti-infectious vaccines, the findings may have an impact also by provid-
ing leads to the development of novel anti-inflanmiatory vaccines and immunotherapeutics 
against diseases associated with certain untoward immune responses, e.g., certain chronic infec-
tions, autoimmune disorders, allergies, and rejection of allografts. 

I. I N T R O D U C T I O N 

In the last 10 years there has been rapidly growing interest in the development of 
oral rather than parenteral vaccines. This is based on both logistic and biomedical 
considerations. Thus, it is now generally recognized that oral vaccines would be 
easier (and safer) to administer since they do not require medically trained person-
nel or sterile supplies, and also that oral vaccines generally would be easier to 
produce and quality-control. It has also become increasingly clear that in order to 
be efficacious, immunization against the many infections that take place at the 
mucosal surfaces of the aerodigestive or urogenital tracts usually requires topical-
mucosal vaccine application. Since immune-activated lymphocytes from the intes-
tinal mucosa can migrate to various other glandular-mucosal tissues, there is cur-
rently much interest in developing oral vaccines not only against enteric infections 
but also against infections in, e.g., the respiratory and urogenital tracts. 

However, to date it has often proved to be difficult in practice to stimulate 
strong mucosal IgA immune responses by either parenteral or oral-mucosal ad-
ministration of most nonreplicating antigens, and experience with soluble protein 
antigens has on the whole been quite disappointing. A notable exception in this 
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regard is cholera toxin (CT) and, in humans better than in other species, its non-
toxic B-subunit pentamer moiety (CT-B). Based on this, and as the first of the 
three themes that will be discussed in this presentation, (i) CT-B has become an 
important component in recently developed oral vaccines against both cholera and 
against diarrhea caused by enterotoxigenic Escherichia coli (ETEC) bacteria pro-
ducing CT-like heat-labile enterotoxin(s) (Holmgren and Svennerholm, 1992; Hol-
mgren et al, 1994). (ii) In addition, since the strong immunogenicity of CT and 
CT-B can to a large extent be explained by their ability to bind to receptors on the 
intestinal mucosal surface, there has recently been much interest in approaches to 
use CT-B also as an oral delivery carrier system for other vaccine-relevant anti-
gens; much progress has been made in preparing immunogenic hybrid proteins by 
coupling various protein or peptide antigens chemically or genetically to CT-B. 
Indeed, oral administration of such hybrid antigens has in several systems been 
found to markedly potentiate both intestinal and extraintestinal IgA immune re-
sponses against the CT-B-coupled antigens and also to elicit substantial circulating 
antibody responses (Czerkinsky et al, 1989; Holmgren et al, 1994; Liang et al, 
1988). (iii) Finally, recent work in our laboratory has shown that CT-B can also 
be used as a very efficient carrier protein/transmucosal delivery system for 
allowing various CT-B-coupled antigens to induce "oral tolerance" systemically 
against T-cell-mediated delayed-type hypersensitivity (DTH) reactions (Sun et al, 
1994). CT-B may therefore be a key component in current efforts to develop "anti-
inflammatory vaccines" against diseases associated with, e.g., autoimmune and 
allergic DTH reactions, as well as to other antigens participating in analogous 
reactions resulting in the inflammation/immunopathology seen in many chronic 
infections (Czerkinsky and Holmgren, 1995). 

II . C H O L E R A V A C C I N E S 

Two new cholera vaccines, both based on genetic engineering biotechnology, have 
recently been licensed. The first of these, the "B subunit-whole cell cholera vac-
cine" (B-WC), uses a two-dose oral administration of a vaccine containing a mix-
ture of recombinantly produced CT-B and killed classical and El Tor cholera vib-
rios. The B-WC vaccine has proved to be completely safe and to give a high level 
of short-term protection in field trials (85% for the first 6 months) and also sub-
stantial long-term protection (ca. 60% for the first 3 years) which is a marked 
improvement over previously used parenteral-killed vaccines (Clemens et al, 
1990; Holmgren et al, 1992). The recombinant production of the B-subunit com-
ponent has dramatically simplified and cheapened the production of the vaccine as 
compared with a first generation of this vaccine in which the CT-B component 
was prepared from active cholera toxin produced by a wild-type strain (Sanchez 
and Holmgren, 1989; Lebens et al, 1993); in a recent field trial in Peru, two doses 
of recombinantly produced vaccine given at 1- to 2-week intervals gave 86% pro-
tection (Sanchez et al, 1994). 

A second, recently licensed cholera vaccine, CVD 103-HgR, uses a single-dose 
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administration of a genetically engineered, live-attenuated V. cholerae strain in 
which the attenuation has been achieved by genetic deletion of the ctxA gene, 
which removes the ability of the vaccine strain to make biologically active cholera 
toxin. By introducing this deletion into a normally poorly colonizing wild-type 
strain it was possible to overcome the previously notorious problem of residual 
"toxicity" resulting in mild-moderate diarrhea experienced with other similarly 
engineered cholera vaccine strains. The CVD 103-HgR vaccine has given similarly 
good protection as the oral B-WC vaccine in human volunteers against challenge 
with El Tor cholera vibrios, and the vaccine is currently evaluated for its protective 
efficacy in a large field trial in Indonesia. 

Based on the recent outbreak and spread in Southeast Asia of severe cholera 
caused by a new serotype, 0139, two types of vaccines have recently been devel-
oped to cope with this new threat. Since the 0139 organism has the same cholera 
toxin as 01 El Tor and also has the same MSHA and other surface antigens except 
for the difference in LPS structure, a bivalent oral B-01/0139 WC vaccine has 
been developed by us (in collaboration with SBL Vaccine, Stockholm) in which 
formalin-killed 0139 organisms have been added to the previous B-01 WC vac-
cine. In a recently completed phase-1 study, the bivalent B-01/0139 vaccine was 
found to be both safe and inmiunogenic for each of its components (Jertbom et 
al, 1995a). Two alternative experimental 0139 vaccines, both of which are live-
attenuated vaccines based on genetic engineering to delete both the cholera toxin 
and several associated genes (zot, ace, cep, RSI, and attRSl), have also been 
developed by U.S. laboratories and are in clinical testing. 

II I . V A C C I N E AGAINST E T E C D I A R R H E A 

Infection with ETEC is the most frequent cause of diarrhea both in developing 
countries and among travellers. Estimates indicate that infections with different 
types of ETEC account for more than one billion diarrheal episodes and one mil-
lion deaths annually among children in developing countries. Still, no vaccine for 
use in humans is available. New knowledge about virulence factors and protective 
antigens of ETEC, however, specifically the heat-labile (LT) and heat-stable (ST) 
enterotoxins and various specific colonization factor antigens (CFAs) suggests 
practical approaches toward development of a useful vaccine against ETEC diar-
rhea. Such a vaccine should be given orally, and ideally should evoke both antico-
lonization and antitoxic IgA immune responses in the gut. 

The oral B-WC cholera vaccine has been shown to give ca. 70% short-term 
protection against ETEC diarrhea caused by LT-producing organisms through the 
B-subunit component. Thus, the results from the cholera vaccine field trial in Ban-
gladesh (Clemens et al, 1988) as well as those from a prospective placebo-con-
trolled study in Finnish travellers to Morocco (Peltola et al, 1991), demonstrated 
that CT-B, which cross-reacts inmiunologically with the B subunit of E, coli heat-
labile toxin, LT-B, induced significant, ca. 70% protection also against E. coli LT 
and LT/ST diarrhea. Our studies in rabbits confirm that immunization with purified 
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CT-B affords protective immunity against challenge with LT-producing organisms 
comparable to that of immunization with corresponding doses of purified LT-B 
(A.-M. Svennerholm and J. Holmgren, unpublished). These findings support the 
view that CT-B, which can be produced inexpensively and on a large scale through 
the use of a recombinant production system (Sanchez and Holmgren, 1989; Lebens 
et al, 1993), can replace LT-B as "toxoid" in an ETEC vaccine. 

Adhesion of ETEC to intestinal mucosa represents a critical step in the patho-
genesis and is mediated by antigenically distinct fimbriae. In strains pathogenic 
for humans, three main adhesins have been identified, i.e., the colonization factor 
antigens CFA/I, CFA/II, and CFA/IV, and since antibodies to each of these anti-
gens were protective in animal models all of them should be included in an oral 
ETEC vaccine. However, purified CFAs have proved to be sensitive to proteolytic 
degradation in the human gastrointestinal tract, complicating the use of such a 
vaccine preparation. Likewise, it would be difficult to construct a vaccine (e.g., a 
live vaccine) based on the concomitant expression of all these antigens by a single 
organism, since despite considerable efforts with this goal the different CFAs 
could not be expressed on the same host strain. A more practical way to construct 
a vaccine may instead be to prepare killed ETEC bacteria of different strains that 
express the most important CFAs on their surface and combine these organisms 
with an appropriate toxoid component. Based on this the recombinantly produced 
CT-B is used together with formalinized E. coli expressing the most prevalent 
colonization fimbrial antigens (CFAs I, II, and IV) in a recently developed oral 
vaccine against ETEC (Ahren et al, 1993; Svennerholm and Holmgren, 1995). 
The inactivation of bacteria, which includes mild formalin treatment, causes com-
plete killing of bacteria without significant loss in antigenicity of the different 
CFAs. Furthermore, the CFAs of these inactivated organisms have been stable 
during storage for years and during incubation in gastric juice. As in the oral 
cholera vaccine, the WC component is combined with CT-B to induce antitoxic 
mucosal immunity, which is known to cooperate synergistically with anti-CFA 
immunity against experimental ETEC infections in animals. In recent phase-1 and 
phase-2 trials, this vaccine has been shown to be safe and to stimulate intestinal 
IgA immune responses both to the CT-B component and to each of the CFA anti-
gens (Ahren et al, 1993; Jertbom et al, 1995b); based on this the oral B subunit/ 
CFA-ETEC vaccine will now be tested for protective efficacy in phase-3 trials. 

IV. O R A L V A C C I N E S AGAINST O T H E R M U C O S A L I N F E C T I O N S 

Based on the concept of a common mucosal immune system through which immu-
nity generated by oral vaccination can be disseminated also to extraintestinal mu-
cosal tissues, there is currently intense interest in the development of oral vaccines 
based largely on genetic engineering against infections in, e.g., the respiratory and 
urogenital tracts. 

The main approaches taken involve either the use of an oral five vector such as 
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attenuated Salmonella or adenovirus for expression and delivery of antigens 
against the target mucosal infection or the construction of gene fusion proteins 
with CT-B (or E. coli LT-B). With regard to the latter systems, studies in animals 
have shown that oral administration of small amounts of protein antigens (that are 
not immunogenic per se when given alone by this route) covalently coupled to 
CT-B can elicit vigorous mucosal as well as extramucosal antibody responses. 
McKenzie and Halsey (1984) were the first to report that covalent coupling of 
horseradish peroxidase to CT-B markedly enhanced gut immune responses to the 
peroxidase antigen after oral administration. More recently, we and others have 
confirmed and extended those findings to demonstrate also an effective oral deliv-
ery potential of CT-B for coupled foreign antigens with regard to stimulation of 
IgA mucosal responses also outside the intestine, e.g., in salivary glands and in 
the respiratory and urogenital tracts, as well as for eliciting circulating antibodies. 
Thus, Czerkinsky et al (1989) demonstrated that oral administration of small 
amounts of a streptococcal protein antigen covalently linked to CT-B induced both 
mucosal and extramucosal IgA and IgG antistreptococcal antibody responses in 
mice. In contrast, equivalent or even 10-fold higher doses of streptococcal antigen 
given alone or conjugated to a nonbinding protein (bovine serum albumin) were 
ineffective or, at best, poor in eliciting antibody responses to the streptococcal 
antigen. Liang et al (1988) found that oral administration of Sendai virus chemi-
cally coupled to CT potentiated the IgA immune responses in the upper respiratory 
tract against Sendai virus in comparison with inmiunization with other formula-
tions of this antigen. Likewise, in recent studies Drew et al (1992) have shown 
that chemical conjugates between CT arid peptide antigens derived from herpes 
simplex virus (HSV)-2 glycoprotein D when administered to mice by intraperito-
neal (ip) priming followed by either ip or intragastric boosting gave rise to IgA 
anti-HSV-2 antibodies in vaginal washings and to protection against a lethal intra-
vaginal challenge with HSV-2. 

These findings lend support to the notion that peroral immunization with anti-
gens linked (chemically or genetically) with CT-B may be a useful strategy for 
vaccinating against pathogens encountered not only at enteromucosal surfaces but 
also at extraintestinal mucosal and nonmucosal sites. With the aid of recombinant 
DNA engineering, foreign antigens have been linked to either the amino or car-
boxy ends of the CTB subunit, and a gene overexpression system has been devel-
oped to permit production of the hybrid proteins in substantial quantities (Sanchez 
et al, 1990). 

Besides the mucosal immunopotentiating effect of either CT or CT-B (or E. 
coli LT or LT-B) owing perhaps mainly to their similar capacity as oral antigen 
delivery vehicles, CT (but in most systems tested not CT-B) also has strong adju-
vant properties for stimulating mucosal IgA immune responses to admixed (not 
coupled) unrelated antigens after oral immunization (Elson and Balding, 1984; 
Lycke and Holmgren, 1986; Dertzbaugh and Elson, 1991; Holmgren et al, 1993). 
This adjuvant activity appears to be complex, involving effects on (i) transmucosal 
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antigen uptake, (ii) antigen-presenting cells, (iii) Ig class expression by B cells, 
and (iv) T helper cell frequency and activity; it also has been closely liked to the 
ADP-ribosylating action of CT (and specifically of its A subunit) leading to en-
hanced cyclic AMP formation in the affected cell. It remains unclear whether the 
enterotoxic activity of orally administered CT or LT can be eliminated without 
concomitant loss of adjuvanticity. 

V. O R A L VACCINATION AGAINST A U T O I M M U N E 

AND A L L E R G I C D I S E A S E S 

Immunization by the oral route not only stimulates IgA and other forms of immu-
nity at the mucosal surfaces associated with moderate-to-high levels of serum anti-
bodies, but also concomitantly induces suppression against certain types of sys-
temic T-cell-mediated immune reactions. This phenomenon is known as "oral 
tolerance" and is an important physiologic mechanism to avoid harmful allergic 
and inflammatory reactions in response to inadvertently absorbed undegraded food 
and environmental antigens. Recently oral tolerance has attracted much renewed 
interest as a possible mechanism to induce specific immunotherapy in such auto-
immune diseases and allergies where the immunopathology characteristically in-
volves a T-cell-mediated DTH immune reaction. 

It had been reported that CT as well as CT-B are so exceptionally strong as 
oral-mucosal immunogens because they do not give rise to any "oral tolerance" 
and that they indeed could even reverse such tolerance once developed (Elson and 
Balding, 1984). We suspected that the tolerance-breaking properties might be se-
lective for CT, and thus, as concerns CT-B, can be explained by low yet significant 
levels of contamination by CT of CT-B preparations used in previous studies. 
Consistent with this hypothesis, we have shown that when given by various muco-
sal (oral, intranasal, vaginal, rectal) routes in the absence of any CT adjuvant, 
antigens linked chemically or by genetic fusion to CT-B induced the expected 
mucosal IgA immune response in, e.g., the gut, but instead of abrogating systemic 
tolerance CT-B strongly stimulated the development of such tolerance (Sun et al, 
1994). Based on very similar findings with several soluble protein antigens, in-
cluding autoantigens such as myelin basic protein (MB?) or collagen II, haptens, 
and particulate antigens (red blood cells, thymocytes), we have good reason to 
believe that the CT-B mucosal carrier-delivery system may be extremely advanta-
geous for inducing peripheral tolerance. The system minimizes by several hun-
dred-fold the amount of tolerogen needed and it drastically reduces the number of 
doses that would otherwise be required by reported protocols of orally induced 
tolerization. It apparently can also act after initiation of a systemic immune re-
sponse. Thus single doses of antigens coupled to CT-B were effectively tolero-
genic even when given in very minute quantities and could both prevent and re-
verse T-cell-driven inflammatory reactions (Sun et al, 1994; Czerkinsky and 
Holmgren, 1995). 

Of special interest because of the similarity of this animal model with human 
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multiple sclerosis is the finding that a single dose of oral CT-B conjugated to 
myelin basic protein (MBP) protects rats against experimental autoimmune en-
cephalomyelitis (EAE), when given either before or after disease induction. We 
have also seen good effects on autoimmune diabetes in the NOD mouse model by 
feeding CTB-insulin conjugate (collaboration with C. Thivolet, Lyon) and on col-
lagen Il-induced arthritis by feeding CT-B-collagen II conjugate (collaboration 
with A. Tarkowski, Goteborg) (Czerkinsky et al, 1995). Furthermore, by coupling 
thymocytes to CT-B and feeding this conjugate to mice we have also been able to 
significantly prolong the survival of transplanted hearts in allogeneic mouse recipi-
ents; again, the effect was superior to that obtained by feeding the cells alone. 

Thus, although still at the early stages of animal experimentation, this new 
tolerization principle may lead to the development of medically useful immuno-
therapeutic reagents in selected autoimmune and DTH-type allergic diseases. 

VI. C O N C L U S I O N S A N D P R O S P E C T S 

The knowledge summarized here may have profound implications for the design 
of vaccines aimed on one hand at promoting S-IgA immune responses against the 
numerous infectious pathogens and other antigens that contact the body through 
mucous membranes, and on the other hand at protecting the host from potentially 
harmful cell-mediated immune responses against the same matters. The relative 
inefficiency of parenteral vaccination to evoke secretory IgA immune responses in 
mucosal tissues and the fact that it can rather induce DTH reactivity and thereby 
bystander tissue damage upon subsequent encounter with the corresponding patho-
gen, constitute two major reasons to encourage the development of strategies to 
stimulate appropriate immune responses in MALT. Mucosal administration of anti-
gens is certainly a more effective and attractive strategy since, under appropriate 
conditions, it may efficiently induce expression of antibody responses in various 
mucosal tissues, and concomitantly lead to specific downregulation of DTH reac-
tivity at local and systemic sites. Our findings as discussed in this article indicate 
that CT-B may be used as an ultraeffective carrier/vector for antigens linked to it 
for achieving both of these effects. 

These considerations may have an impact beyond the design of anti-infectious 
vaccines by providing leads to the development of novel anti-inflammatory vac-
cines and immunotherapeutics against diseases associated with untoward inmiune 
responses, e.g., certain chronic infections, autoimmune disorders, allergies, and 
rejection of allografts. 
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I. I N T R O D U C T I O N 

Live recombinant avirulent microorganisms can be used as antigen delivery vehi-
cles to especially induce mucosal inmiune responses following immunization of 
individuals by oral, intranasal, and intravaginal routes. There are a number of 
issues of importance in considering the use of live microorganisms for this pur-
pose. One is whether the vaccine induces just a localized mucosal immune re-
sponse or a generalized response with production of secretory IgA in all secretory 
glands, and from mucosal tissues throughout the body. An issue that has not been 
adequately addressed experimentally is the means to induce memory. It is logical 
to consider that immunizations that only induce local mucosal immune responses 
are not likely to induce lasting memory, whereas immunization schemes that in-
duce a generalized mucosal immune response are more likely to induce memory. 
The likelihood of inducing memory may, therefore, depend on the type of bacterial 
vector used as the antigen delivery vehicle. Some bacterial species used as antigen 
delivery vehicles do not exhibit well-characterized means of adherence to mucosal 
tissues or to structures in proximity to inductive sites. These bacterial vectors, 
following oral administration, more or less pass through the body without adhering 
to any specific tissues, but nevertheless are randomly taken up by M cells over-
lying the gut-associated lymphoid tissue (GALT). Other bacterial antigen delivery 
vectors colonize by a specific adherence mechanism either in the oral cavity or in 
the intestine. Bacterial vectors in this category can be either noninvasive or inva-
sive, in which case the maintenance of the adherent bacterial population ensures 
repeat random uptake of the bacterial antigen delivery vector at inductive sites, 
such as the GAjLT. In other cases, the adherent microorganism possesses the poten-
tial to invade cells lining the mucosal tissue or directly to enter inductive sites, 
such as the GALT or the bronchus-associated lymphoid tissue (BALT). These or-
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ganisms may then be killed rapidly by macrophages to release their antigens for 
processing and presentation. The last group of antigen delivery vectors is derived 
by attenuation of bacterial pathogens that attach to, invade, and survive within 
cells present in the mucosal tissue, including the GALT and BALT. Attenuated 
bacteria then enter other lymphoid tissues within the body to serve as factories to 
produce foreign antigen(s) in antigen-processing cells. The properties of the bacte-
rial species used as an antigen delivery vector very much influence the size of 
a dose and the number of repeat doses to achieve a desired level of immune 
responsiveness. 

Bacteria in at least eight genera have been used to achieve immune responses 
at mucosal sites. It is likely that others will be evaluated in the future. Lactobacil-
lus fermentum (Hafner and Timms, 1994) has been used to express foreign anti-
gens, but since these organisms seem not to colonize except in the colon, which 
may not be the best inductive site for a mucosal immune response. Repetitive 
oral immunizations of recombinant L. fermentum are required to achieve adequate 
immune responses. Streptococcus gordonii has been genetically engineered to ex-
press antigens by Fischetti and colleagues (Medaglini et al, 1995). These bacteria 
attach to and adhere to the tooth surface to produce foreign antigens to stimulate 
immune responses. Whether the inductive site for the mucosal immune response 
is in the intestinal tract following swallowing of sluffed-off bacteria and uptake 
by the M cells overlying the GALT or whether some of the antigen is taken up by 
inductive sites in the oral cavity is not clearly established. An issue of concern 
pertains to the possibility of inducing some tolerance to the foreign antigen due to 
the continued colonization by the genetically engineered S. gordonii. On the other 
hand, increase in immunity rather than tolerance seems to be achieved over time 
in individuals persistently colonized with oral streptococci. 

Vibrio cholerae and certain strains of Escherichia coli represent microorganisms 
with the ability to adhere to specific mucosal tissues, but without the ability to 
survive following uptake into M cells and entry into phagocytic cells in the GALT. 
Nevertheless, these bacterial species can be rendered avirulent by mutation and 
endowed with the ability to express foreign antigens that presumably will lead to 
the induction of mucosal immunity. Shigella is an invasive enteropathogen that 
may transiently colonize the ileum prior to adhering to and invading colonic epi-
thelial cells. Progress is being made in rendering Shigella avirulent yet immuno-
genic (Baron et al, 1987; Viret et al, 1993). Thus the potential exists to geneti-
cally modify such strains to express foreign antigens. It is not known, however, 
whether the ability of Shigella to cause apoptosis in macrophages might ameliorate 
their potential to induce strong immune responses. 

Mycobacterium bovis, BCG, is being developed as a recombinant antigen deliv-
ery vehicle (Jacobs et al, 1990; Connell et al, 1993). Most studies to date have 
made use of parenteral immunization with recombinant constructs, but BCG is 
used for oral immunization in some parts of the world; it is likely that oral admin-
istration of recombinant BCG constructs will illicit mucosal as well as systemic 
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immune responses. The means by which BCG would invade cells in the intestinal 
tract has not, to the best of our knowledge, been worked out. Salmonella species, 
like Listeria, have the potential after oral inoculation to attach to and invade intes-
tinal epithelial cells (Carter and Collins, 1974), but specifically gain access to 
visceral organs by invasion into the M cells overlying the gut-associated lymphoid 
tissue. In this environment, attenuated derivatives of these species have the poten-
tial to survive and to produce sufficient foreign antigen to stimulate mucosal as 
well as systemic and cellular inmiune responses. Since the Salmonella-bsLScd anti-
gen delivery vectors are the most readily altered by a diversity of genetic means, 
and have the potential to induce immune responses with the lowest doses, their 
attributes which have been most studied will constitute the subject matter for the 
remainder of this chapter. 

I I . A V I R U L E N T iSAi:MOJVEi.i.A V E C T O R S 

The Salmonella vector should be completely avirulent and highly immunogenic. 
Achieving this balance is not easy, especially when one considers the diversity of 
the population to be inmiunized with regard to age, nutritional status, inmiuno-
compromised status, coinfection with other pathogens, and immunocompetence. 
The attenuated Salmonella should retain its tissue tropism without causing disease 
or significant impairment of normal host physiology and growth. For safety, it 
should have two or more attenuating deletion mutations, so there is no likelihood 
of reversion. The attenuating phenotype should be unaffected by diet or the host, 
or other environmental conditions. When used as an antigen delivery vector, the 
attenuated strain must be capable of giving stable high-level expression of cloned 
genes in the immunized host. In general, live bacterial vaccines are easy to grow, 
preserve, and administer at relatively low cost. 

Several Salmonella serotypes have been rendered avirulent and evaluated for 
immunogenicity in various animal hosts; S. typhimurium has been studied most 
extensively, especially in the mouse where the model of infection is reasonably 
analogous to the means by which S. typhi infects humans. Avirulent derivatives of 
S. typhimurium have also been studied extensively in chickens, swine, and calves, 
and to a lesser extent, in monkeys. Attenuated derivatives of S. choleraesuis have 
been studied in mice and swine (Kelly et al, 1992; Stabel et al, 1993) and of S, 
dublin in mice and in calves. For antigen delivery vectors for use in humans. 
Salmonella serotypes that are capable of causing invasive disease are preferable. 
These include strains of S. typhi, S. paratyphi A, S. paratyphi B (S. shottmuelleri), 
S. paratyphi C (S. hirschfeldii), S, dublin, and S. choleraesuis. 

Strains of Salmonella have been rendered avirulent, yet retain inmiunogenicity 
after introduction of a number of different genetically defined mutational lesions. 
Mutations which render Salmonella avirulent yet immunogenic include galE (Ger-
manier and Furer, 1971, 1975), aroA (Hoiseth and Stocker, 1981), cya and crp 
(Curtiss and Kelly, 1987), phoP (Galan and Curtiss, 1989), ompR (Dorman et al. 
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1989), htrA (Chatfield et al, 1992b), and cdt (Kelly et al, 1992). Still additional 
means to render Salmonella avirulent and immunogenic are likely to be discovered 
and described in the future. It should be noted that each of the listed means of 
attenuating Salmonella works optimally in S. typhimurium evaluated for virulence 
and immunogenicity in mice. When any one of the single attenuating mutational 
lesions is introduced into S. typhi, the constructed candidate vaccine strain usually 
retains an unacceptable level of virulence when administered to humans at high 
doses (Hone, et al, 1988a, 1992; Tacket et al, 1992). For this reason, it is more 
likely that candidate vaccine strains for immunization of humans will possess two 
or more deletion (A) mutations, rendering Salmonella avirulent by two or more 
different mechanisms. This, however, can lead to hyperattenuation and very poor 
immunogenicity as was observed with S. typhi strains with aroA and purA muta-
tions (Levine and Noriega, 1993). 

II I . R E C O M B I N A N T A V I R U L E N T SALMONELLA A N T I G E N 

D E L I V E R Y V E C T O R S 

Avirulent strains of Salmonella can be genetically engineered to stably express at 
high-level colonization and virulence antigens from other bacterial, viral, parasitic, 
and fungal pathogens (see review by Roberts et al, 1994). When used for oral 
immunization, these live avirulent recombinant vaccine strains attach to, invade, 
and colonize the GALT and then pass to other lymphoid tissues, such as mesen-
teric lymph nodes, liver, and spleen (Curtiss et al, 1988a,b). In these lymphoid 
tissues, the live avirulent recombinant vaccine strains continue to synthesize the 
foreign colonization or virulence antigens. Since delivery of antigens to the gut-
associated lymphoid tissue stimulates a generalized secretory immune response 
(Cebra et al, 1976; Bienenstock et al, 1978), oral immunization with these vac-
cines stimulates mucosal immunity throughout the body (Curtiss et al, 1989). In 
addition, systemic and cellular immune responses are elicited against the foreign-
expressed antigens as well as against Salmonella antigens (Stabel et al, 1990; 
Molina and Parker, 1990; Doggett et al, 1993; Dusek et al, 1994; Roberts et al, 
1994). Although oral immunization is the preferred route, live avirulent recombi-
nant Salmonella vaccines can also be administered intranasally, intravaginally, and 
rectally (Srinivasan et al, 1995a; Hopkins et al, 1995). 

Recombinant avirulent Salmonella antigen delivery systems must be capable of 
giving stable high-level expression of cloned genes in the immunized host during 
the period in which the vaccine strain persists in host tissues (Curtiss et al, 1990). 
Stable expression of foreign antigens has been achieved by integrating a gene 
encoding a foreign antigen into the chromosome (Hone et al, 1988b; Strugnell et 
al, 1990; Hohman et al, 1995), in which case a very strong promoter is needed to 
drive expression. This often does not lead to adequate levels of antigen expression 
(Cardenas and Clements, 1993) and so use of plasmid vectors permitting multiple 
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copies of the gene specifying the foreign antigen have been used. Since federal 
regulatory agencies do not permit expression of antibiotic resistance in live bacte-
rial vaccines, balanced-lethal vector-host systems have been designed to achieve 
stable high-level expression of foreign antigens in the absence of drug resistance-
selective markers (Nakayama et al, 1988; Galan et al, 1990). In one such system, 
a deletion in the asd gene for j8-aspartate semialdehyde dehydrogenase is intro-
duced into the chromosome of the avirulent Salmonella to impart a requirement 
for diaminopimelic acid (DAP), an essential constituent of the rigid layer of the 
bacterial cell wall. Plasmid vectors have the wild-type counterpart to the asd gene 
so that viability of the construct is dependent upon stable maintenance of the 
plasmid vector (Nakayama et al, 1988; Galan et al, 1990). Since DAP is not 
present in mammalian tissues, recombinant avirulent Salmonella vaccine strains 
with this balanced-lethal construction are stably maintained with high-level ex-
pression of foreign antigen over several weeks. Loss of the Asd"̂  plasmid vector 
leads to DAPless death with lysis of the bacterial cell and release of its antigenic 
contents. Salmonella strains attenuated with Acya and Acrp mutations maintain 
plasmid cloning vectors more stably and with a higher copy number than Salmo-
nella attenuated by other deletion mutations (Curtiss et al, 1988a; Galan et al, 
1989). These Acya and Acrp strains therefore express foreign antigens to a higher 
level, which enhances the magnitude of the immune responses to the foreign anti-
gens. Various types of promoters can be used to drive expression of foreign anti-
gens in vivo. These can be either constitutive or induced to express at high level 
after entrance of the vaccine strain into the inmiunized host (Chatfield et al, 
1992a). Achieving maximal immune responses to the foreign antigen is dependent 
upon the amount of the foreign antigen produced by the recombinant avirulent 
Salmonella (Cardenas and Clements, 1993; Doggett et al, 1993; Srinivasan et al, 
1995b) and also upon the inherent immunogenic properties of the foreign antigen. 
The amount of the antigen can be influenced by the inherent stability of the for-
eign antigen after synthesis in the avirulent Salmonella, the strength of the pro-
moter used to drive expression, and the copy number specified by the origin of 
replication employed in the plasmid vector. The latter can range from 5 to 10 
plasmid copies per chromosome DNA equivalent by use of the pSClOl replicon, 
20 to 40 copies per chromosome DNA equivalent for the pl5A replicon, 100 to 
150 copies per chromosome DNA equivalent by use of the pBR322 replicon, to 
upward of several hundred copies per chromosome DNA equivalent by using a 
pUC replicon. Overproduction of the foreign antigen can lead to the formation of 
inclusion bodies which sometimes are nonimmunogenic or, even worse, are toxic 
to the bacterial vector leading to hyperattenuation and rendering the construct mar-
ginally immunogenic. We have found that constructs that produce between 0.5 and 
2.0% of the total protein as the foreign antigen generally give most satisfactory 
results with regard to stability and immunogenicity. Soon after construction of 
recombinant avirulent Salmonella, studies of comparative growth and stability, for 
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plasmid maintenance and antigen production, should be carried out. Recombinant 
strains that grow considerably more slowly than the parent strain with the vector 
alone are less likely to adequately colonize the immunized host and therefore give 
diminished immune responses. Recombinant strains that grow well, maintain the 
plasmid vector stably, and give high-level expression of the foreign antigen invari-
ably colonize host tissues very well and induce strong immune responses. 

Some foreign antigens may have good B-cell epitopes but lack a strong T-cell 
epitope. In other cases, the antigen may contain hydrophobic sequences that con-
tribute to toxicity to the recombinant avirulent Salmonella. If the foreign antigen 
is to be expressed and maintained in the cytoplasm of the recombinant avirulent 
Salmonella, it is wise to delete the DNA sequences specifying the hydrophobic 
regions of the antigen, to engender both less toxicity and greater stability, since 
these sequences are seldom immunogenic. Considerable work has been carried out 
to investigate the potential of fusing short sequences including B-cell epitopes of 
the foreign antigen to other antigenic carriers which provide a strong T-cell epi-
tope. LT-B and CT-B have been used in recombinant avirulent Salmonella for this 
purpose (Schodel et al, 1990; Jagusztyn-Krynicka et al, 1993) as have the Shiga 
toxin B subunit (Su et al, 1992), hepatitis B virus core (Schodel et al, 1994), and 
the tetanus toxin fragment C (Fairweather et al, 1990; Khan et al, 1994). Epi-
topes have also been engineered into flagella (Newton et al, 1989; McEwen et 
al, 1992) or fimbriae (Verjans et al, 1995), which are exposed on the surface of 
the recombinant avirulent Salmonella. Comparative data to indicate the importance 
or nonimportance of antigen location in recombinant avirulent Salmonella are by 
and large lacking. There may be some reason to believe that the time of onset, 
magnitude, and/or duration as well as the type of immune response, might be 
influenced by antigen localization in the recombinant avirulent Salmonella vaccine 
strain. Thus a number of fusion vectors are being evaluated for surface localization 
or secretion of foreign antigens by recombinant avirulent Salmonella. These vec-
tors have been designed such that fusions are made to all or part of several outer 
membrane proteins, such as OmpA (Ruppert et al, 1994), Lpp (Matsuyama et al, 
1995), TraT (Croft et al, 1991), LamB (Charbit et al, 1993), and PhoE (Janssen 
et al, 1994). In still other cases, foreign antigens have been secreted by making 
use of the IgA protease from Neisseria gonorrhea (Pohlner et al, 1987). In spite 
of all of these efforts to alter and possibly optimize the location of foreign antigens 
expressed by recombinant avirulent Salmonella, it has been generally observed 
that good immune responses are elicited to foreign antigens independent of their 
site of localization within the recombinant avirulent Salmonella. It is thus quite 
likely that the recombinant avirulent Salmonella are disrupted in phagosomes and 
their antigens processed as the major means of stimulating the immune responses 
observed. 



36. Live Recombinant Avirulent Bacterial Vaccines 5 0 5 

IV. IMMUNIZATION WITH RECOMBINANT AVIRULENT 

SALMONELLA VACCINES AND INDUCTION O F MUCOSAL 

IMMUNE RESPONSES 

A. Vaccines to Prevent Infectious Diseases 

Recombinant avirulent Salmonella antigen delivery systems have been developed 
and investigated to express colonization and virulence antigens from various bac-
terial, viral, and parasitic pathogens with the purpose of inducing protective immu-
nity against the pathogens whose genes are expressed by the recombinant avirulent 
Salmonella. These studies have been reviewed extensively, most recently by Rob-
erts et al (1994). Most of the studies to date have monitored induction of serum 
antibodies with fewer studies investigating cellular immunity or production of S-
IgA and conferring mucosal immunity. Our initial interest in developing the re-
combinant avirulent Salmonella antigen delivery system was to determine whether 
oral administration of such vaccines might induce adequate titers of S-IgA in sa-
liva against surface antigens of oral pathogenic streptococci in order to prevent 
dental caries (Curtiss, 1986). Although S-IgA responses against streptococcal sur-
face proteins have been induced to appear in saliva, the immune responses induced 
(Doggett et al, 1993; Redman et al, 1994) are not likely to be highly protective. 
Based on our results there is reason to speculate that pathogens that reside continu-
ously in an environment exposed to S-IgA induced due to continual ingestion of 
antigens from that pathogen are likely to have undergone change due to mutation 
and selection to eliminate (or at least lessen) the inmiunogenicity of potential B 
cell epitopes contained within those surface proteins. This speculation gains fur-
ther credence when one realizes that there are numerous "normal" flora occupying 
mucosal niches within the Gl tract that do not seem to be affected by the ability 
of the host to mount mucosal immune responses. Clearly there are some important 
biological questions that need to be addressed experimentally to resolve these is-
sues. In the meantime, our efforts to construct recombinant avirulent Salmonella-
expressing surface antigens of oral streptococci are focused on constructing fu-
sions which provide strong T epitope help. 

More recently, we have been investigating the mucosal and systemic immune 
responses to the Streptococcus pneumoniae PspA protein (Briles et al, 1988) as 
expressed by recombinant avirulent Salmonella (Nayak et al, in preparation). 
Prior results have indicated that oral administration of recombinant avirulent Sal-
monella induced much higher SIgA titers against an expressed antigen in the se-
cretions of the intestine and reproductive tract than in the secretions of the upper 
respiratory tract, including saliva. We therefore investigated the possible use of the 
intranasal route for immunization with recombinant avirulent Salmonella strains 
expressing immunogenic portions of the PspA protein. Although our results to date 
indicate that serum antibody titers against either Salmonella antigens or an ex-
pressed antigen is about the same, whether the route of immunization is peroral, 
intranasal, intravaginal, or intraperitoneal, the mucosal immune responses seem to 
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be more influenced by the route of immunization. Thus intranasal immunization, 
although inducing high S-IgA titers in lung secretions, does not induce as high 
titers of S-IgA in vaginal secretions as were observed following peroral, intravagi-
nal, or intraperitoneal immunizations (Srinivasan et al, 1995b). 

B. Recombinant Avirulent Salmonella Contraceptive Vaccines 

Several years ago, we commenced to investigate whether recombinant avirulent 
Salmonella expressing gamete-specific antigens could induce immune responses in 
the reproductive tract that would block fertilization (Curtiss and Tinge, 1993). Our 
prediction was based upon the discovery by Primakoff et al. (1988) that immuni-
zation of guinea pigs with the sperm-specific antigen PH-20 induced a long-lasting 
immunity against fertilization. It was also evident that men and women with sig-
nificant antibody titers against human sperm were often infertile or had much 
reduced fertility without other ill effects (Witkin and Chandry, 1989). It was also 
known that immunization of male and female animals with extracts of whole 
sperm could induce infertility and the induction of inmiune responses specifically 
against sperm autoantigens. The ability of an individual to induce immune re-
sponses against gamete-specific antigens is undoubtedly due to the isolation of the 
reproductive tissues and gamete generation process from the immune surveillance 
network of the body. It is also due to the fact that these gamete-specific antigens 
are not expressed in any other tissue which would have led to their recognition as 
self during embryonic development. To date, much of our work has concentrated 
on expression of the sperm-specific antigen SPIO (Herr et al, 1990) of macaques 
and humans and the expression of the murine sperm-specific LDHC4 (Goldberg, 
1977) and egg-specific antigen ZP3 (Dean et al, 1989) by recombinant avirulent 
Salmonella. Both systemic and mucosal immune responses are proportional to the 
amount of antigen expressed by the recombinant avirulent Salmonella (Doggett et 
al, 1993; Srinivasan et al, 1995b). It is also evident that higher and more sus-
tained immune responses are achieved by several immunizations initially within a 
week to 10 days, rather than spreading doses out over a month or so at weekly or 
biweekly intervals. Antibody titers persist for 5 to 6 months, and after they have 
dropped significantly, the mice can be boosted to restimulate rapid increases in 
S-IgA and serum IgG titers. Thus, it appears that the recombinant avirulent Salmo-
nella induces immunological memory with regard to both the systemic and muco-
sal immune responses to the expressed gamete specific antigen. The recombinant 
avirulent S. typhimurium expressing the human SP-10 sperm antigen induces anti-
bodies which react with proteins in human sperm, as revealed by both indirect 
immunoflourescence and Western blotting. In experiments with recombinant aviru-
lent S. typhimurium expressing murine gamete-specific antigens, reduced fertility 
has been observed, with regard to both absence of pregnancy over six to eight 
estrus cycles and delay in time to conception. A reduction in the number of pups 
per litter in those animals that became pregnant has also been observed. Studies 
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with combinations of recombinant Salmonella expressing different murine gamete-
specific antigens are in progress. It is evident from all of our experiments that 
recombinant avirulent Salmonella expressing gamete-specific antigens, when used 
for either oral or intravaginal immunization, induce high antibody titers in the 
female reproductive tract of mice. Our successes in inducing mucosal immune 
responses in the reproductive tract lead us to think that the recombinant avirulent 
Salmonella antigen delivery system might be particularly suitable for the develop-
ment of vaccines against sexually transmitted pathogens. 

V. C O N C L U S I O N 

Recombinant avirulent Salmonella antigen delivery system technology is continu-
ing to be improved. With each year, discoveries are being made to enhance both 
the utiHty and the safety of the system. Salmonella are being genetically engi-
neered to enable bacteria to escape the phagosome and thus enhance their potential 
to produce antigens that will be processed through the MHC class I system. These 
bacteria are likely to induce better cellular inmiune responses (Gentschev et al, 
1995) than avirulent Salmonella that do not escape the phagosome. We are cur-
rently attempting to construct avirulent Salmonella strains that die if (and soon 
after) being shed in feces, thus diminishing the possibility of individuals becoming 
involuntarily immunized. In addition, the bacterial antigen delivery systems offer 
some safety features not afforded by use of viral vectors. These vaccine strains 
are all completely sensitive to antibiotics; thus, if an immunized individual experi-
enced fever or other side effects, they could be treated with antibiotics to arrest 
these adverse symptoms. Recombinant avirulent Salmonella already possess their 
built-in adjuvants, thus eliminating the need for adding such components to vac-
cine preparations. Although one vaccine strain could be engineered to produce 
several different antigens, it will be technically easier and probably just as effica-
cious to make mixtures of several strains, each expressing a different antigen. In 
this way, there is little likelihood for competition between different expressed anti-
gens, since each would most likely be processed in a different antigen-processing 
cell. Probably one of the most important features of the recombinant avirulent 
Salmonella antigen delivery system is the potential cost effectiveness. Recombi-
nant avirulent Salmonella vaccines can be manufactured with regard to growth, 
preservation, packaging, and labeling for pennies a dose, with the actual cost per 
dose influenced most by the number of doses per unit container. In any event, the 
development of vaccines that do not require refrigeration and that can be reconsti-
tuted immediately prior to use, and that can be administered on or into a mucosal 
surface in the absence of any need for syringes, increases cost efficiency. Both of 
these considerations enhance safety and efficacy, while further reducing costs for 
vaccine administration. It is therefore evident that recombinant avirulent Salmo-
nella vaccines should have a significant role in preventing infectious diseases in 
animals, as well as in humans, and possibly in controlHng fertility. The latter could 
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be important in vector control or in reducing overexpanding populations of certain 
animals that have become pests. 
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I. I N T R O D U C T I O N 

Microbial pathogens can infect a host by one of several mechanisms. They may 
enter through a break in the integument induced by trauma, they may be intro-
duced by vector transmission, or they may interact with a mucosal surface. The 
majority of human pathogens initiate disease by the last mechanism, i.e., following 
interaction with mucosal surfaces. Bacterial and viral pathogens that act through 
this mechanism first make contact with the mucosal surface where they may attach 
and then colonize, or be taken up by specialized absorptive cells (M cells) in the 
epithelium that overlay Peyer's patches and other lymphoid follicles (Bockman 
and Cooper, 1973; Owen et al, 1986). Organisms that enter the lymphoid tissues 
may be readily killed within the lymphoid follicles, thereby provoking a poten-
tially protective immunological response as antigens are delivered to immune cells 
within the follicles (e.g.. Vibrio cholerae). Alternatively, pathogenic organisms ca-
pable of surviving local defense mechanisms may spread from the follicles and 
subsequently cause local or systemic disease (i.e.. Salmonella spp., polio virus, 
rotavirus in immunocompromised hosts). 

Secretory IgA (S-IgA) antibodies directed against specific virulence determi-
nants of infecting organisms play an important role in overall mucosal immunity 
(Cebra et al, 1986). In many cases, it is possible to prevent the initial infection 
of mucosal surfaces by stimulating production of mucosal S-IgA levels directed 
against relevant virulence determinants of an infecting organism. Secretory IgA 
may prevent the initial interaction of the pathogen with the mucosal surface by 
blocking attachment and/or colonization, neutralizing surface-acting toxins, or pre-
venting invasion of the host cells. While extensive research has been conducted to 
determine the role of cell-mediated immunity and serum antibody in protection 
against infectious agents, less is known about the regulation, induction, and secre-
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tion of S-IgA. Parenterally administered inactivated whole-cell and whole-virus 
preparations are effective at eliciting protective serum IgG and delayed type hy-
persensitivity reactions against organisms that have a significant serum phase in 
their pathogenesis (i.e., Salmonella typhi, Hepatitis B). However, parenteral vac-
cines are not effective at eliciting mucosal S-IgA responses and are ineffective 
against bacteria that interact with mucosal surfaces and do not invade (e.g., V 
cholerae). 

Oral immunization can be effective for induction of specific S-IgA responses if 
the antigens are presented to the T and B lymphocytes and accessory cells con-
tained within Peyer's patches where preferential IgA B-cell development is initi-
ated. Peyer's patches contain T-helper (Th)-cells that mediate B-cell isotype 
switching directly from IgM cells to IgA B cells. The patches also contain T cells 
that initiate terminal B-cell differentiation. The primed B-cells then migrate to the 
mesenteric lymph nodes and undergo differentiation, enter the thoracic duct, then 
the general circulation, and subsequently seed all of the secretory tissues of the 
body, including the lamina propria of the gut and respiratory tract. IgA is then 
produced by the mature plasma cells, complexed with membrane-bound secretory 
component, and transported onto the mucosal surface where it is available to inter-
act with invading pathogens (Strober and Jacobs, 1985; Tomasi and Plant, 1985). 
The existence of this common mucosal immune system explains in part the poten-
tial of live oral vaccines and oral immunization for protection against pathogenic 
organisms that initiate infection by first interacting with mucosal surfaces (Fig. 1). 

A number of strategies have been developed for oral immunization, including 
the use of attenuated mutants of bacteria (i.e.. Salmonella spp.) as carriers of heter-
ologous antigens (Cardenas and Clements, 1992, 1993a,b; Clements and Cardenas, 
1990; Clements and El-Morshidy, 1984; Clements et al, 1986), encapsulation of 
antigens into microspheres composed of poly-DL-lactide-glycolide (PGL), protein-
like polymers, proteinoids (Santiago et al, 1993), gelatin capsules, different for-
mulations of liposomes (Alving et al, 1986; Garcon and Six, 1993; Gould-Foger-
ite and Mannino, 1993), adsorption onto nanoparticles, use of lipophilic immune 
stimulating complexes (ISCOMS) (Mowat and Donachie, 1991), and addition of 
bacterial products with known adjuvant properties (Clements et al, 1988; Dickin-
son and Clements, 1995; Douce et al, 1995; Elson, 1989; Lycke and Holmgren, 
1986; Lycke et al, 1992). 

A number of attenuated mutants of Salmonella are able to interact with the 
lymphoid tissues in Peyer's patches, but not able to cause systemic disease. Some 
of these mutants are effective as live vaccines (i.e., able to protect against infection 
with the virulent Salmonella parent) and are candidates for use as carriers for other 
virulence determinants. Different mutants have been employed for this purpose 
(Fig. 2), including galE mutants, which lack the enzyme uridine diphosphate 
(UDP)-galactose-4-epimerase (Germanier and Fiirer, 1975; Gilman et al, 1977; 
Wahdan et al, 1980), and aroA mutants, which have specific nonreverting dele-
tions in the common aromatic biosynthetic pathway leading to chorismic acid 
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FIGURE 1. Generalized pathway for stimulation of specific mucosal immune responses. From Clem-

ents (1987, Fig. 1, p. 138). 

(Hoiseth and Stocker, 1981; Robertsson et al, 1983; Smith et aU 1984a,b; Stocker 
et aly 1983). galE mutants of Salmonella have been used as carriers by: Formal 
et al (1981), who conjugally transferred the form I plasmid of Shigella sonnei to 
S. typhi Ty21a; Clements and El-Morshidy (1984), who utilized S. typhi Ty21a as 
a recipient for a recombinant plasmid containing the gene for production of the 
nontoxic B subunit of the heat-labile enterotoxin of Escherichia coli (LT-B); Ya-
mamoto et al. (1985), who transferred a plasmid encoding colonization factor anti-
gen (CFAI) and heat-stable enterotoxin from E. coli into S. typhi Ty21a; and Man-
ning et al. (1986), who introduced molecularly cloned antigenic determinants of 
Inaba and Ogawa serotypes of V. cholerae Ol lipopolysaccharide into derivatives 
of S. typhi Ty21a and an analogous S. typhimurium strain for experiments in mice. 

aroA mutants of Salmonella have been used as carriers by Clements et al. 
(1986) to study mucosal and serum antibody responses to both the carrier and LT-
B following oral immunization; by Dougan et al. (1986) to construct an aroA S. 
typhimurium strain containing a plasmid which codes for the K88 fimbrial antigen 
of enterotoxigenic E. coli; by Maskell et al. (1986), who demonstrated that muco-
sal anti-LT-B IgA increased following immunization with a S. typhimurium deriva-
tive containing a plasmid coding for production of LT-B; and by Brown et al. 
(1987) to study antibody responses of mice to j8-galactosidase (GZ) expressed in 
S. typhimurium strain SL3261. 

Attenuated mutants of Salmonella have also been examined as carriers for anti-
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FIGURE 2. Attenuation strategies for reducing virulence of Salmonella vectors. Adapted from Carde-
nas and Clements (1992, Fig. 2, p. 329; Fig. 3, p. 331; Fig. 4, p. 332). 

gens of Streptococcus mutans in the development of a potential anticaries vaccine 
(Curtiss, 1986; Curtiss and Kelly, 1987; Curtiss et al, 1987). These researchers 
have constructed a number of S. typhimurium and S. typhi strains possessing vari-
ous deletion mutations and capable of expressing both surface protein antigen A 
(Spa A) and glucosyltransferase of S. mutans. Sadoff et al (1988) reported the 
construction of a potential anti-malaria vaccine using a nonvirulent S. typhimurium 
strain as a carrier for a plasmid expressing a circumsporozoite protein of Plasmo-
dium berghei. The number of reported uses of this system of antigen delivery for 
the development of both humoral and cell-mediated immunity increases daily. The 
examples cited are to give the reader an appreciation for the potential of this 
technique. 

I I . U S E O F A T T E N U A T E D M U T A N T S O F SALMONELLA 

AS V A C C I N E V E C T O R S 

Salmonella becomes an attractive carrier when one considers the natural pathogen-
esis of the organism and the behavior of appropriately attenuated mutants, which 
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can interact with the lymphoid tissues in Peyer's patches without causing systemic 
disease. In the context of the mucosal immune system, the immunologically rele-
vant events occur within those Peyer's patches, not on the surface of mucosal 
epithelial cells. Consequently, live oral vaccines that colonize the proximal small-
bowel epithelium (Kaper et al, 1984; Levine et al, 1988) or killed whole-cell 
vaccines administered with subunits of toxins that bind to the surface of epithelial 
cells (Clemens et al, 1986; Svennerholm et al, 1984) do not present antigens 
efficiently. They do work somewhat; efficacy rates of approximately 65% have 
been reported from the field trials on killed whole-cell cholera vaccines. However, 
antitoxic immunity was not a significant contributor to long-term (>1 year) pro-
tection in these studies and there was little or no heterologous protection. Use of 
Salmonella as a carrier allows the placement of appropriate antigens directly into 
the lymphoid follicles, permitting maximum stimulation of relevant lymphoid cells 
for production of IgA. This opens the possibility of vaccines which can invoke 
significant levels of mucosal antibodies beyond those achievable by other means. 

This system has been characterized extensively using attenuated mutants of 
Salmonella as a carrier for a recombinant plasmid that codes for production of the 
B subunit of the heat-labile enterotoxin (LT-B) of E. colL This information is 
summarized below. In addition, a number of related questions are addressed: (1) 
the effect of multiple genetic mutations on carrier efficacy, (2) the effect of re-
peated use on carrier efficacy, and (3) the effect of gene location on stability, 
expression, cellular location, and immunogenicity of cloned antigens. Data are 
also presented on the role of persistence, antigen dose, and strain viability in the 
use of Salmonella as a vaccine carrier. 

A. Construction of a Potential Live Oral Bivalent Vaccine for 
Typhoid Fever and Cholerai—Et^cherlchui coll^Related Diarrheas 

One of the first reported uses of an avirulent Salmonella as a carrier for other 
antigens was by Formal et al (1981). These researchers constructed a potential 
live oral bivalent vaccine for typhoid fever and shigellosis due to Shigella sonnet 
The plasmid responsible for production of the form I antigen in S. sonnet was 
conjugally transferred to S. typhi Ty21a and recipient strains were shown to pro-
duce both form I antigen and normal S. typhi somatic antigens. These experiments 
suggested the possibility of developing a multivalent live oral vaccine that could 
provide protection against a number of bacterial enteric pathogens, specifically 
typhoid fever, shigellosis, and, if the appropriate antigens could be expressed in 
this system, cholera and the cholera-related enteropathies. To further explore this 
possibility, S, typhi Ty21a was utilized to construct a potential live oral vaccine 
for typhoid fever and the cholera-E c6>//-related diarrheas (Clements and El-Mors-
hidy, 1984). This study examined the development of antitoxin following immuni-
zation with Salmonella carrying a cholera-related toxoid antigen. S. typhi Ty21a 
was used as a recipient for a recombinant plasmid containing the gene for produc-
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tion of the nontoxic B subunit of the heat-labile enterotoxin of E. coli (LT-B). This 
protein shares extensive sequence and immunologic homology with the B subunit 
of the V. cholerae enterotoxin (CT-B). The S. typhi derivative was shown to con-
tain the recombinant LT-B plasmid and produced LT-B that possessed no demon-
strable biological activity and was structurally and immunologically indistinguish-
able from the LT-B produced by strains of E. coli harboring the same plasmid. 
The derivative strain was rapidly cleared after intraperitoneal injection into mice, 
caused no diarrhea or other manifestations when inoculated orally into guinea pigs, 
and retained the galactose sensitivity characteristic of the parent S. typhi strain 
Ty21a. 

Since S. typhi is not a natural pathogen for animals other than humans, the 
ability of this strain, when delivered orally, to induce a specific mucosal antitoxin 
response cannot be tested except in human volunteers. A mouse invasive aw A 
mutant of S. dublin was obtained which was capable of producing a transient 
infection following oral inoculation of mice analogous to the events associated 
with oral inoculation of humans with Ty21a (Clements et ai, 1986). This provided 
a suitable model for testing this mechanism of antigen delivery as a means of 
stimulating significant levels of mucosal antibodies. The derivative strain, desig-
nated EL23, produced LT-B that was, by all criteria, identical to LT-B produced 
by E. coli or by the S. typhi derivative, and the relative distribution of LT-B pro-
duced by these different organisms was similar (94-99% remained cell associated). 

A number of specific questions were then addressed relative to immunization 
schedules, the effect of boosting parenterally vice orally, the presence of mucosal 
memory, and the ability of mucosal antibodies derived by this method of immuni-
zation to neutralize the biological activity of the CT and LT in vitro. Initial priming 
studies comparing oral immunization with LT-B to oral immunization with strain 
EL23 showed that immunization with LT-B produces significantly higher levels of 
antitoxin serum IgG (Fig. 3A) and initially higher levels of antitoxin mucosal 
secretory IgA (Fig. 3B). The differences in IgA levels were no longer significant 
by the fifth week. Mice receiving strain EL23 orally also developed progressively 
increasing mucosal and serum antibody responses to the LPS of the vaccine strain 
(not shown). The effect of boosting mice primed orally with strain EL23 was also 
investigated, and boosting ip with LT-B gave the highest sustained levels of anti-
toxin serum IgG (Fig. 4A), while boosting ip or po with LT-B gave equivalent 
mucosal antitoxin IgA responses (Fig. 4B). The mucosal antibody response was 
also shown to be IgA specific and to be capable of neutralizing the biological 
activities of both LT and cholera toxin in vitro (Table I). 

B. Effect of Multiple Mutations on the Efficacy 
of Salmonella Vectors 

In contrast to results obtained with S. dublin aroA mutants in mice, Levine et al 
(1987b) reported that human vaccine recipients receiving S. typhi (aroA, purA155, 
hisG 46) mutants (Edwards and Stocker, 1988) developed low humoral responses 
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FIGURE 3. Serum IgG (A) and mucosal IgA (B) antitoxin responses following oral immunization 
with either LT-B or S. dublin strain EL23. Female BALB/c mice were immunized orally with two 
doses containing either 64 fig of LT-B or 10^^ CFU each of strain EL23 on Days 0 and 4. Groups of 
animals were sacrificed at weekly intervals thereafter and analyzed for production of antibodies to LT-
B. Serum and mucosal antitoxin levels were zero for control animals throughout the study. Each data 
point represents the mean of determinations in four to six animals. Standard error bars are shown. 
From Clements et al (1986, Fig. 4, p. 689). 

to the O polysaccharide of the vaccine strain. It is not clear why the S. typhi 
mutants were unable to induce a humoral response; this may have been due to the 
presence of two nonreverting auxotrophic characters in the S. typhi strains, as 
contrasted with single nonreverting auxotrophic characters in the studies em-
ploying S. dublin mutants in mice (Clements et al, 1986), or to the single purA 
mutation not present in the oral mouse studies. Use of Salmonella as a carrier for 
delivery of heterologous antigens in humans will likely employ an attenuated S. 
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10^^ CFU each of strain EL23 on Days 0 and 4. At 21 days post-primary immunization, groups of 
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TABLET 

NEUTRALIZATION O F ADRENAL CELL A C T I Y I T V O F CHOLERA AND 

E. C O L I E N T E R O T O X I N S ^ ' ' 

Antiserum 

Pooled mucosa 
Pooled mucosa + 

goat antiserum against mouse IgA 
Pooled mucosa + 

rabbit antiserum against mouse IgG 

Cholera toxin 

128^ 

6 

128 

LT 

256^ 

32 

256 

''The adrenal cell assay was conducted using mouse Y-1 adrenal cells minicul-
ture. 

^Approximately 10 minimal rounding doses were used. 
^From Clements et al (1986, Table 2, p. 691). 
^Reciprocal of highest serum dilution showing complete neutralization of bio-
logical activity. Pooled mucosa from control animals had no effect. 

typhi, perhaps one derived as above. It was therefore of interest to determine if 
the failure to induce a humoral response noted above was a function of the double 
mutation or of either single mutation. To accomplish this, three strains of S. dublin 
containing an aroA mutation, a purA mutation, or both aroA and purA mutations 
were examined for the ability to colonize, invade, persist in tissues, and evoke 
serum and mucosal antibody responses to the lipopolysaccharide of the parent 
strain following oral feeding of mice (Sigwart et al, 1989). The organisms used 
for this study were nalidixic acid-resistant derivatives of 5. dublin strain SL5608 
(wild type) and included S. dublin strain SL7163 (araA148), S. dublin strain 
SL7165 (pwrA155), and 5'. dublin strain SL7164 {aroAU%, purA\55). These three 
nalidixate resistant auxotrophic strains are referred to below just as aroA, purA, 
and aroA purA instead of by their strain numbers. 

1. Colonization, Invasion, and Persistence in Mouse Tissues 
As shown in Table II, there was evidence for colonization of the small intestines, 
invasion, and persistence in mouse tissues only with aroA, which was isolated 
from the small intestines, Peyer's patches, Hvers, and spleens of animals up 
through the third day postinoculation. Thereafter, only the livers and, beginning at 
Day 8 postinoculation, the small intestines were infected. aroA could be isolated 

animals were boosted with 10^° CFU of EL23, 100 /ig of LT-B given ip, or 100 /xg of LT-B given po. 
Groups of animals were sacrificed at weekly intervals thereafter and analyzed for production of anti-
bodies to LT-B by ELISA. Values shown begin at Week 4 post-primary immunization (i.e., 1 week 
following booster immunizations). Serum and mucosal antitoxin levels were zero for control animals 
throughout the study. Each data point represents the mean of determinations in four to six animals. 
Standard error bars are shown. From Clements et al. (1986, Fig. 5, p. 690). 
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TABLE II 

COLONIZATION, INVASION, AND PERSISTENCE IN M O U S E TISSUES'* 

Small intestine 
Peyer's patches 
Liver 
Spleen 
Blood 

Small intestine 
Peyer's patches 
Liver 
Spleen 
Blood 

Small intestine 
Peyer's patches 
Liver 
Spleen 
Blood 

Day 1^ 

3/3 
3/3 
2/3 
1/3 
0/3 

1/3 
0/3 
1/3 
0/3 
1/3 

0/3 
1/3 
0/3 
0/3 
0/3 

Day 3 

3/3 
2/3 
1/3 
1/3 
1/3 

0/3 
0/3 
0/3 
0/3 
0/3 

0/3 
0/3 
0/3 
0/3 
0/3 

Day 7 

aroA 
0/3 
0/3 
1/3 
0/3 
0/3 

purA 
0/3 
0/3 
0/3 
0/3 
0/3 

aroA purA 
0/3 
0/3 
0/3 
0/3 
0/3 

Day 8 

1/3 
0/3 
1/3 
0/3 
0/3 

0/3 
0/3 
0/3 
0/3 
0/3 

0/3 
0/3 
0/3 
0/3 
0/3 

Day 14 

1/3 
0/3 
1/3 
0/3 
0/3 

0/3 
0/3 
0/3 
0/3 
0/3 

0/3 
0/3 
0/3 
0/3 
0/3 

Day 21 

1/5 
0/5 
1/5 
0/5 
0/5 

0/4 
0/4 
0/4 
0/4 
0/4 

0/4 
0/4 
0/4 
0/4 
0/4 

Total 

9/20 
5/20 
7/20 
2/20 
1/20 

1/19 
0/19 
1/19 
0/19 
1/19 

0/19 
1/19 
0/19 
0/19 
0/19 

''From Sigwart et al (1989, Table 2, p. 1859). 
''Number of specimens culture positive/number tested. 

only from the blood of one animal on 1 day (Day 3 postinoculation). Of the 20 
animals immunized in this group, aroA was isolated from the small intestines of 
9, from the Peyer's patches of 5, from the livers of 7, from the spleens of 2, and 
from the blood of 1. purA was isolated from the small intestine, liver, and blood 
of only a single animal, and then only on the first day postinoculation. Thereafter, 
purA was not detected in any tissue throughout the 21 days of the study. Similarly, 
aroA purA was isolated from the Peyer's patches of a single animal at 1 day 
postinoculation and not subsequently detected in any tissue throughout the 21 days 
of the study. 

2. Humoral Response Following Immunization 
with the Attenuated Mutants 

A major consideration in the selection of an appropriate live-vaccine or carrier 
organism is the ability of that organism to evoke an appropriate immunologic 
response. As an indicator of that response, we examined the serum IgG and muco-
sal IgA responses against the lipopolysaccharide (LPS) of the parent S. dublin 
strain, SL5608. Mice immunized orally with aroA, purA, and aroA purA developed 
serum anti-LPS antibodies and maintained them throughout the course of the ex-
periment, 5 weeks post-primary inoculation (Table III). There was, however, great 
variability between individual animals in all groups; statistical differences between 
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immunized groups and control values from unimmunized animals were not consis-
tent at 1, 2, or 3 weeks following the primary inoculation. By the end of the 5th 
week, serum anti-LPS IgG had increased from 0 to 14.1 jLtg/ml in animals immu-
nized with aroA, a value significantly greater than that obtained following inmiuni-
zation with either purA (2.89 /xg/ml) or aroA purA (2.37 jug/ml). Also seen in 
Table III, mucosal anti-LPS IgA was consistently significantly higher in animals 
inmiunized with aroA than in the other two groups. By the end of the fifth week, 
mucosal anti-LPS IgA had increased to 27.3 ng/ml in animals immunized with 
aroAy had increased to 1.36 ng/ml in animals inmiunized with purA, and had in-
creased to 0.97 ng/ml in animals immunized with aroA purA. 

These studies demonstrated that, of the three strains tested, only SL7163, with 
the single aroA mutation, was able to colonize significantly, invade, and persist in 
tissues. More importantly, this strain was shown to consistently evoke appropriate 
serum and mucosal antibody responses. Neither the purA nor the aroA purA mutant 
demonstrated these characteristics. It is not known if the presence or lack of ob-
served statistical significance, as determined by the Student t test, during the 5 
weeks of the experiment, correlates with biological significance. Clearly, inmiuni-
zation with SL7163, with the single aroA mutation, was more effective at eUciting 
appropriate antibody responses, especially at the mucosal surface. These observa-
tions suggested that the purA defect, causing adenine requirement, reduces the 
live-vaccine efficacy of attenuated Salmonella. The impact on the effectiveness of 
Salmonella as a carrier of heterologous antigens is not known. 

C. Effect of Multiple Use on Carrier Efficacy 

A major consideration in the proposed use of Salmonella as a carrier for heterolo-
gous antigens is the consequence of repeated use of the carrier. Specifically, if 
Salmonella is used as a carrier for one antigen, will it be an effective vehicle for 

TABLE III 

SERUM AND MUCOSAL A N T I - L P S RESPONSES'" 

aroA 
purA 
aroA purA 

aroA 
purA 
aroA purA 

Weekl 

1.32 ±0.30 
0.47 ± 0.25 
8.05 ± 6.6 

2.78 ± 0.72 
0.57 ±0.19 
1.08 ±0.73 

Week 2 

IgG^ 
4.83 ± 0.73 
0.85 ± 0.25 
5.35 ± 3.31 

IgA'̂  
45.29 ± 12.72 

1.41 ±0.17 
0.14 ±0.05 

Week 3 

(/ig/ml) 
7.71 ± 2.78 
2.80 ±1.95 
5.00 ±1.44 

(ng/ml) 
15.28 ± 2.75 
0.40 ±0.19 
0.39 ±0.16 

Week 4 

7.66 ± 2.00 
0.58 ± 0.22 
1.32 ±0.91 

26.45 ± 7.04 
0.17 ±0.07 
0.21 ± 0.09 

Week 5 

14.1 ±4.21 
2.89 ±2.17 
2.37 ± 0.82 

27.3 ±5.19 
1.36 ±0.85 
0.97 ± 0.75 

''From Sigwart et al (1989, Table 3, p. 1860). 
^Mean ± S.E.M. as determined by ELISA. 
^Mean ± S.E.M. as determined by ELISA. 
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delivery of other antigens? Does prior experience with the carrier Hmit the immu-
nologic response to a heterologous antigen? Can Salmonella be used as a carrier 
for antigens of enteric bacterial pathogens and then subsequently for caries or 
malaria? A number of unresolved questions about this system were examined in-
cluding (i) the nature of the humoral response if two strains of Salmonella are 
employed which are serologically identical or which are serologically different, 
(ii) the temporal relationship of priming and boosting doses on the subsequent 
immunological response to the carrier and the foreign antigen, and (iii) differences 
in serum IgG and mucosal IgA responses between immunologically experienced 
and immunologically naive animals (Bao and Clements, 1991). 

For these studies, groups of mice were orally immunized (primed) with either 
one or the other of two aromatic dependent mutants of Salmonella (S. dublin 
SL1438 aro his or S. typhimurium SL1479 aro his). These strains were chosen 
because (i) they are immunologically related but not identical with respect to the 
O antigen, (ii) the wild-type parents of both strains are pathogens for the mouse 
and attenuated mutants of both have been shown to be effective carriers of foreign 
antigens in this model system, and (iii) both strains have been attenuated with an 
equivalent aroA deletion. Animals were then boosted orally with S. dublin strain 
EL23. This strain is the same S. dublin SL1438 used above following transforma-
tion with a plasmid that codes for production of a foreign antigen. For these stud-
ies, the foreign antigen was the B subunit of the heat-labile enterotoxin (LT-B) of 
E. coli since, as mentioned above, antibodies directed against this protein are po-
tentially useful in ameliorating secretory diarrheal disease due to cholera related 
enterotoxins. S. dublin strain EL23 was administered orally by gavage at 2 weeks, 
6 weeks, or 9 weeks after the primary immunization. Animals were sacrificed 3 
weeks following the boost and assayed for the presence of serum IgG and mucosal 
IgA directed against the foreign antigen (LT-B) by ELISA. Comparisons were then 
made between experimental and control groups to determine differences in serum 
and mucosal antibody responses between animals primed with either the homolo-
gous (SL1438) or heterologous (SL1479) strain and boosted with EL23. 

As shown in Fig. 5, control animals developed a mean serum anti-LT-B specific 
IgG response of 29.6 /ig/ml when immunized orally with EL23 with no priming 
dose. By contrast, mice with prior immunologic experience with a homologous 
Salmonella strain, those having received a primary oral immunization with strain 
SL1438 2 weeks before administration of EL23, developed a significantly higher 
mean serum anti-LT-B IgG response following the administration of the boosting 
dose of EL23. Animals receiving the boosting dose of EL23 at either 6 or 9 weeks 
post-primary immunization developed significantly higher levels of serum anti-LT-
B IgG than did control animals or animals boosted orally with EL23 at 2 weeks 
post-primary immunization. Mice primed with the heterologous serotype strain, 
SL1479, also developed significantly higher levels of serum anti-LT-B at all three 
time points when compared to immunologically naive control mice. 

One of the principal advantages of Salmonella as a vaccine vector is the poten-
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FIGURE 5. Effect of primary immunization with homologous or heterologous serotype strains on 
production of serum IgG and mucosal IgA directed against foreign antigens. Female BALB/c mice 
having no prior immunological experience with Salmonella were primed orally either with Salmonella 
SL1438 or with Salmonella SL1479, and then boosted orally with EL23 at 2, 6, or 9 weeks post-
primary immunization. Animals were sacrificed 3 weeks following the boost and assayed for the pres-
ence of serum IgG and mucosal IGA directed against LT-B by ELISA. Each data point represents the 
mean of determinations in five to six animals. Standard error bars are shown. Adapted from Bao and 
Clements (1991, Fig. 1, p. 3842; Fig. 2, p. 3843). 

tial to elicit production of significant levels of mucosal IgA directed against a 
target antigen. It was therefore of interest to determine the ability of animals with 
prior immunologic experience against the vector, or an immunologically related 
species, to mount a mucosal IgA response against the target antigen. As shown in 
Fig. 5, animals with prior immunologic experience with the carrier demonstrated 
increases in mucosal anti-LT-B specific IgA levels when compared to the levels 
observed in control groups. The values obtained for the 6- and 9-week groups 
were statistically significantly different than values obtained for the control and 2-
week groups. Mucosal anti-LT-B specific IgA was also determined in groups of 
animals primed with the heterologous serotype strain and anti-LT-B specific IgA 
also increased at each of the three boosted time points. The values for animals 
boosted at 2, 6, or 9 weeks were significantly higher than those values obtained 
from control animals receiving EL23 only. The 6- and 9-week group values were 
significantly higher than those of the 2-week or control groups. However, in con-
trast to the results obtained for serum anti-LT-B IgG, the mucosal anti-LT-B IgA 
response following experience with a homologous strain was significantly higher 
than the response obtained following experience with a heterologous strain at all 
three time points. 

These observations demonstrate that prior inmiunologic experience with a ho-
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mologous serotype strain of Salmonella potentiates the subsequent antibody re-
sponse when the same strain is used as a carrier of foreign antigens. Both serum 
and mucosal antibody responses increased over time. Prior immunologic experi-
ence with a heterologous serotype of Salmonella also potentiates the subsequent 
serum and mucosal antibody responses directed against the foreign antigen when 
compared to responses in unprimed control animals. Serum antibody responses in 
animals primed with either the homologous or the heterologous serotype strain 
were not statistically significantly different, while animals primed with the homol-
ogous serotype strain developed significantly higher mucosal antibody responses 
against the foreign antigen. These findings demonstrate that prior immunologic 
experience with Salmonella as a vaccine against typhoid fever or as a carrier for 
one foreign antigen will not preclude its subsequent use as a carrier for antigens 
of other pathogens. Prior immunologic experience with one strain does not limit 
the immunologic response to a foreign antigen delivered by the same strain or a 
second immunologically related strain. In fact, prior immunologic experience with 
Salmonella increases the subsequent humoral response to a foreign antigen when 
compared to the response seen in animals having no prior experience with the 
organisms. 

D . Effect of the Nature and Degree of Bacterial Attenuation on 
the Humoral Immune Response Directed against Foreign Antigens 

Overlying the studies on the efficacy of Salmonella as a carrier are the studies on 
alternatives to S. typhi Ty21a as a live oral anti-typhoid vaccine. Despite the safety 
and efficacy of Ty21a, it is not without problems. The organism is difficult to 
grow and must be given on multiple occasions to be effective, and the nature of 
the attenuation is not well defined. A number of new candidate anti-typhoid vac-
cines have been constructed using molecular technologies to create specific, de-
fined mutations. The first of two such strains tested in volunteers (Levine et al, 
1987b) each had an aroA deletion, expected by itself to cause complete loss of 
virulence, and as an additional safety factor, a deletion at purA (Edwards and 
Stocker, 1988). Unlike mice given an AaroA mutant of S. dublin orally (Sigwart 
et al, 1989) volunteers who received an oral dose of even 10^^ CPU of either of 
the two ^aroA ApurA live vaccine strains, 541Ty (Vi-positive) or 543Ty (Vi-nega-
tive), developed no or only very low titers of humoral antibody to the 0 antigen 
of the vaccine strain and were not colonized by the organisms. More recently, 
other strains harboring mutations affecting the metabolism of aromatic compounds 
have been examined. Mutations in aroC and aroD were associated with reduced 
virulence of S. typhi for humans (Tacket et al, 1992). One strain examined, 
CVD908, is an aroC aroD mutant of S. typhi Ty2, and produced no adverse reac-
tions in volunteers receiving up to 5X10^ CPU orally. In addition, a single oral 
dose of 5 X 10^ CPU of CVD908 induced seroconversion in 50% of recipients. 
Other genetically attenuated mutants of S. typhi have also been examined in hu-
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mans, including CVD906, an aroC aroD mutant of S. typhi ISPI820, and A^3927, 

a cya crp mutant of Ty2. These latter two strains were shown to cause fevers or 
vaccine bacteremia in volunteers at relatively low doses. 

We evaluated two different attenuated mutants of S. typhi for use as vaccine 
carriers: 543Ty aroA purA and 659Ty aroA aroD. We transformed each of these 
strains with plasmid pJC217 (Clements and El-Morshidy, 1984) which codes for 
production of LT-B and each was fed orally to mice. For this experiment, groups 
containing 6 BALB/c mice each were immunized orally with 1 X 10^^ of one or 
another of these strains on two separate occasions (Days 0 and 4). This regimen 
was repeated for each animal at 21 and 25 days post-primary immunization. Ani-
mals were sacrificed 2 weeks after the final dose. Two control preparations were 
included in this study: EL23 which is an aroA S. dublin transformed with plasmid 
pJC217, and SE12 which is S. typhi Ty21a transformed with the same plasmid. In 
previous studies, we had demonstrated that EL23 was an effective carrier in mice 
and had demonstrated that SE12 gave litde or no response when fed orally to 
mice. Our presumption was that the failure of the Ty21a derivative was a reflection 
of the noted species restriction. However, as shown in Table IV, animals immu-
nized orally with 5. typhi strains 543Ty(pJC217) and 659Ty(pJC217) developed 
significant serum and mucosal antibody responses against the foreign antigen. The 
serum anti-LT-B responses developed following oral immunization with 
543Ty(pJC217) and 659Ty(pJC217) were significant, although lower than those 
developed following oral inmiunization with strain EL23. By contrast, the differ-
ences in mucosal IgA anti-LT-B levels in mice receiving 543Ty(pJC217) and 
659Ty(pJC217) were not statistically different than those developed in response to 
oral immunization with EL23. Mice immunized orally with strain SE12 developed 
only a marginal serum IgG response and no detectable mucosal IgA response 
against LT-B. 

If host-adaptation is not, a priori, a requirement for an organism to be an effi-
cient carrier, the next obvious question has to do with viability of the carrier strain. 
In our evolving hypothesis, the nature of the array of antigens present on the 
bacterial cell surface at the time of oral inoculation would be the most important 
determinant of carrier efficacy. It may not, in fact, be necessary or desirable for 

TABLE IV 

HUMORAL RESPONSE FOLLOWING IMMUNIZATION WITH DIFFERENT SPECIES O F SALMONELLA 

VARYING IN THE NATURE AND D E G R E E O F BACTERIAL ATTENUATION'* 

Anti-LT-B^ 

Serum IgG 
Mucosal IgA 

S. dublin EL23 

697 ± 180 /xg/ml 
511 ± 128 ng/ml 

S. typhi 
543Ty(pJC217) 

152 ± 85 /Ag/ml 
386 ±187 ng/ml 

S. typhi 
659Ty(pJC217) 

224 ± 33 /ig/ml 
306 ± 82 ng/ml 

S. typhi SE12 

10 ± 3 /xg/ml 
None detected 

"From Cardenas et al. (1994, Table 1, p. 836). 
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the carrier to be viable as long as any necessary bacterial attachment and uptake 
factors are maintained. It is now accepted that oral, killed typhoid vaccines are 
not effective at inducing protective anti-typhoid immunity. At this point, it was 
not known if oral killed Salmonella could function as an effective carrier of other 
antigens to the mucosal immune system. In order to test this hypothesis, we immu-
nized groups of mice with viable and nonviable preparations of EL23 (Cardenas 
and Clements, 1993b). Two groups of BALB/c mice consisting of five mice each 
were immunized with an equal number of organisms harvested from TSA plates. 
One group received organisms that had been killed by exposure to UV irradiation 
after overnight growth. The number of viable organisms following treatment was 
reduced to less than 10^ cfu/ml as determined by plate counts. We have previously 
determined that the minimum number of organisms of this strain necessary to 
produce an immune response against LT-B in these animals is between 10^ and 
10^ .̂ Consequently, animals in this group received the same number of total organ-
isms (10^^), but between six and seven logs fewer viable organisms than required 
to induce a humoral response. UV killing was chosen as a means of reducing 
viabiHty while preserving surface structures on the bacteria. Animals were boosted 
at 21 and 25 days post-primary immunization. As shown in Table V, animals im-
munized orally with viable EL23 developed serum IgG and mucosal IgA anti-LT-
B responses consistent with our previous findings. Significantly, mice immunized 
orally with UV-killed EL23 developed serum IgG and mucosal IgA antibody re-
sponses equivalent to those developed in animals orally immunized with the same 
number of viable EL23. 

We next extended these observations and examined other methods of killing 
the organisms that may also preserve the ability of these strains to function as 
carriers. Specifically, EL23 was killed with acetone, ethanol, heat, or formalin and 
mice were immunized orally as above. As shown in Fig. 6, EL23 rendered nonvia-
ble by a variety of chemical means retained the ability to elicit serum and mucosal 
antibody responses against a foreign antigen. The serum IgG anti-LT-B responses 
following oral immunization with heat, ethanol, or acetone-killed EL23 were sta-
tistically equivalent to one another and also to the serum IgG anti-LT-B response 
following oral immunization with viable EL23. Likewise, the mucosal IgA anti-
LT-B response following oral immunization with heat, ethanol, or acetone-killed 

TABLE V 

HUMORAL RESPONSE FOLLOWING IMMUNIZATION WITH VIABLE 

AND UV-KLLLED SALMONELLA'' 

S. dublin EL23 
Anti-LT-B^ S. dublin EL23 (UV-killed) 

Serum IgG 450 ± 79 /xg/ml 863 ± 356 /xg/ml 
Mucosal IgA 1676 ± 280 ng/ml 3064 ± 1320 ng/ml 

"From Cardenas et al (1994, Table 2, p. 837). 
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FIGURE 6. The effect of strain viability on the humoral response directed against foreign antigens. 
S. duhlin EL23 was killed with acetone, ethanol, heat, or formalin. Groups of Balb/c mice were immu-
nized orally with 1 X 10^^ CPU of one or another of these strains on two separate occasions (Days 0 
and 4). This regimen was repeated for each animal at 21 and 25 days post-primary immunization. 
Animals were sacrificed approximately 2 weeks after the final dose. EL23 rendered nonviable by a 
variety of chemical means retained the ability to elicit serum and mucosal antibody responses against 
the foreign antigen. Results are presented from groups containing four or five mice each and from two 
independent experiments. The standard error of the mean was calculated for all data, and means of 
variously immunized groups were compared by the Student t test. Statistical significance was consid-
ered to be P<0.05. From Cardenas et al (1994, Fig. 1, p. 837). 

EL23 were statistically equivalent to one another and also to the mucosal IgA anti-
LT-B responses following oral immunization with viable EL23. In this study, only 
formalin-killed EL23 were unable to elicit serum or mucosal antibody responses 
equivalent to those obtained with viable EL23. The serum IgG anti-LT-B and mu-
cosal IgA anti-LT-B responses following oral immunization with formalin-killed 
EL23 were statistically significantly lower than levels obtained with all other im-
munization regimens. 

F. Viability and Antigen Dose as Determinants of the Hmnoral 
Immune Response Directed against Foreign Antigens 

To address the question of the importance of antigen dose, we prepared three 
different strains of galE S. typhimurium J706 expressing markedly different levels 
of LT-B (Cardenas et al, 1994). These strains were designated JIOOO (a J706 
derivative with a single copy of the LT-B gene on the chromosome utilizing the 
lac promoter), J706(pDF87) (intermediate copy number, pBR322 based LT-B plas-
mid utilizing the pBR322 tet promoter), and J706(pJC217) (high copy number 
pUC based LT-B plasmid utilizing the lac promoter). S. typhimurium J706 served 
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as a negative control for these studies. This scheme has a number of features upon 
which we were able to capitalize. The chromosomal gene in JIOOO is a stable 
integrate that constitutively expresses low but consistent levels of LT-B. The two 
plasmid-containing strains express higher levels of antigen, but recombinant plas-
mids are not stable in these constructs. For instance, after overnight growth in 
TSB, >90% of recovered isolates have lost pUC-based plasmids that code for 
production of LT-B, even when the strain is grown in the presence of the stabiliz-
ing antibiotic (unpublished observation). Since >95% of LT-B is synthesized 
during the first 8 hr of growth in vitro, the majority of these organisms deliver 
antigen to the GALT but do not synthesize antigen in situ. This is analogous to 
the nonviable organism question with respect to de novo synthesis of antigen. For 
this experiment, groups of BALB/c mice consisting of four mice each were immu-
nized orally with 1 X 10^^ of one or another of these strains on two separate occa-
sions as indicated above. Three weeks post-primary immunization, mice were sac-
rificed and examined for serum and mucosal antibodies directed against LT-B by 
ELISA. 

As shown in Fig. 7, mice developed increasing serum and mucosal anti-LT-B 
responses that correlated with the amount of antigen present within the organisms 
at the time of inmiunization. Since all of these strains persist to the same extent 
(Hone et al, 1989; Sigwart et al, 1989) these findings provide clear evidence that 
there is a minimum threshold below which significant levels of antibody are not 
elicited and that persistence does not play a major role in ehciting antibody against 
the foreign antigen. 

In the above studies on the effect of strain viability on the humoral immune 
response we demonstrated that appropriately prepared nonviable organisms are as 
effective as viable organisms in eliciting humoral immune responses against a 
foreign antigen. This is clearly a controversial finding and needs to be explored 
more fully. Viable Salmonella that persist within macrophages do not effectively 
contribute to the host humoral response, especially in the GALT. Within this con-
text, the Salmonella must first be taken up by an appropriate antigen presenting 
cell (APC), killed, and lysed within the phagolysosome, and its antigens processed 
and exported to the surface of the APC for presentation in context with MHC. As 
long as the bacterium is viable, antigen not displayed on the surface of the organ-
ism or secreted by the organism is not available to the APC and, consequently, not 
available for immune stimulation. Moreover, viable organisms only remain within 
the Peyer's patches and mesenteric lymph nodes for a short period of time and 
these lymphoid tissues are the IgA inductive sites, not the Uver and spleen where 
the organisms eventually persist. In circumstances where induction of an IgA re-
sponse is an important consideration, the Peyer's patches and mesenteric lymph 
nodes would be the most relevant sites for antigen presentation. Rendering the 
organisms nonviable prior to oral administration facilitates antigen processing by 
the APC in the GALT. It is clear, however, that not all methods of killing are 
equivalent in terms of preserving the ability of these strains to function as carriers. 
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FIGURE 7. Effect of varying the antigen dose on the humoral immune response directed against 
foreign antigens. Groups consisting of four Balb/c mice each were immunized orally with 1 X 10^^ 
CPU of one or another of three different strains of galE S. typhimurium J706 expressing markedly 
different levels of LT-B. Expression was quantitated using purified LT-B as a standard and is expressed 
in terms of specific activity as ng LT-B (based on ELISA) per milligram total protein. Mice were 
immunized on two separate occasions (Days 0 and 4) and were sacrificed 3 weeks post-primary immu-
nization. S. typhimurium J706 served as a negative control for these studies. Mice developed increasing 
serum and mucosal anti-LT-B responses that correlated with the amount of antigen present within the 
organisms at the time of inmiunization. The standard error of the mean was calculated for all data, and 
means of variously immunized groups were compared by the Student t test. Statistical significance was 
considered to be P<0.05. From Cardenas et al (1994, Fig. 2, p. 838). 

Formalin-killed organisms were not as effective as delivery vehicles as were or-
ganisms killed by other methods. 

The use of nonviable Salmonella as carriers for delivery of antigens to the 
mucosal lymphoid tissues is analogous to the use of liposomes and microspheres 
for oral antigen delivery. Eldridge et al (1989) demonstrated that biodegradable 
microspheres containing bacterial antigens were efficiently internalized by M cells 
and that mice receiving such antigen carrier preparation showed a rise in antigen 
specific antibodies. If one views killed Salmonella as "formerly-viable micro-
spheres," it is logical that they, too, would be efficient delivery vehicles. Two 
additional points should be noted. The first is that these observations were made 
using LT-B, which is immunologically and structurally related to cholera toxin B 
subunit. Both of these molecules are highly immunogenic oral antigens even when 
delivered as soluble proteins without encapsulation. How broadly our findings 
apply to other proteins is not yet known. The second point is that we have only 
determined the ability of these strains to induce humoral immunity; the influence 
of persistence, viability, and antigen dose on development of cellular immunity is 
not clear. 
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The issue of strain viability is one of great concern. Attenuated Salmonella 
have been proposed as carriers for a variety of antigens of eukaryotic, prokaryotic, 
and viral origin. Certainly, there is great potential benefit if such vaccines can be 
made safe and effective. However, there is a high risk-benefit ratio associated with 
administration of a gram-negative organism that causes bacteremia and persists in 
tissues for extended periods of time, especially in vaccines intended for adminis-
tration to children, potentially immunosuppressed individuals, or individuals in 
developing countries where nutrition is not optimum and infectious disease rates 
are high. Our findings indicate that viability is not a requirement for use of a 
Salmonella strain as a carrier. If this proves to be true in humans as well as in 
animals, then the approach to carrier selection and safety will change dramatically. 
Even the most promising alternatives to Ty21a as a five oral anti-typhoid vaccine 
may cause vaccine bacteremia when administered in doses above 5X10^. It is not 
known if these or other strains will be efficient carriers of heterologous antigens 
at the relatively low level shown to be completely safe. Our own evidence would 
indicate that bacteremia and persistence in tissues is not necessary for oral immu-
nization and it may therefore be best to dissociate the question of what makes the 
best alternative to Ty21a as a live oral anti-typhoid vaccine from the question of 
what makes a good carrier for heterologous antigens. 

II I . D I F F E R E N T I A L P R O D U C T I O N O F I L - 1 2 M R N A 

BY M U R I N E M A C R O P H A G E S I N R E S P O N S E T O V I A B L E 

OR K I L L E D SALMONELLA SPP. 

In humans, immunologic protection against typhoid fever, caused by Salmonella 
spp., can be achieved by parenteral immunization with acetone-killed whole cells 
(Ashcroft et al, 1964) or purified capsular polysaccharide (Robbins and Robbins, 
1984). Protection following oral immunization can be achieved with live-attenu-
ated vaccines such as S. typhi Ty21a (Germanier and Fiirer, 1971, 1975; Levine et 
al, 1987a; Wahdan et al, 1980). However, killed oral typhoid vaccines are not 
effective at inducing protective anti-typhoid immunity (Chuttani et al, 1973, 
1977). The reason for this difference in the ability of orally administered viable or 
killed organisms to elicit a protective response against typhoid fever is not known. 
A reasonable hypothesis is that viable organisms are able to induce some immune 
function related to T-cell regulation, presumably cell-mediated immunity, not in-
duced by orally administered killed organisms. 

T-helper-cell responses are divided into two classifications, Thl and Th2, which 
are able to regulate the type of immune response and are characterized by the 
profile of cytokines secreted (Mosmann et al, 1986; Mosmann and Coffman, 
1989). Thl cells secrete IFNy, IL-2, and TNF/3, which provide help for cell-medi-
ated immunity. Th2 cells secrete IL-4, IL-5, IL-6, IL-10, and IL-13 which support 
the humoral arm of the immune response. Recent evidence indicates a central role 
for IL-12 in protection against a variety of bacterial and parasitic diseases, based 
upon the ability of IL-12 to promote the development of Thl cells from ThO 
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cells (Hsieh et al, 1993). Since Salmonella is a facultative intracellular pathogen, 
protection against typhoid fever may require development of a predominantly Thl 
response related to induction of IL-12. We employed a murine model of salmo-
nellosis to investigate the role of IL-12 in the protection derived from oral immu-
nization with viable organisms (Chong et al, 1996). 

A. Survival of BALB/c Mice Immunized with \^able Attenuated 
or Killed Salmonella 

To investigate in an experimental animal model whether viability of the vaccine 
strain is important for protection against challenge with wild-type Salmonella, 
groups of BALB/c mice were orally immunized with 1 X 10^^ viable or killed 5. 
dublin SL1438 (a nonreverting aromatic-dependent histidine requiring mutant) and 
subsequently challenged with 1 X 10^ wild-type parent S. dublin SL1363 (approxi-
mately 100 LD50). Groups of mice were orally immunized on Day 0 and Day 7, 
then challenged with SL1363 on Day 14. By Day 6 postchallenge, all mice immu-
nized with killed SL1438 were moribund with ruffled fur whereas all mice immu-
nized with viable SL1438 were healthy. By Day 9 postchallenge, 6 of 10 mice 
immunized with killed SL1438 were dead, and the remainder were near death and 
were sacrificed. In contrast, all mice immunized with viable SL1438 remained 
healthy. Therefore, mice immunized with viable SL1438 were protected against 
challenge with wild-type SL1363 whereas those immunized with killed SL1438 
were not (Table VI). 

B. Differential Production of IL-12 p40 mRNA by Macrophages 
from BALB/c Mice 

To investigate the cellular basis for immunologic protection against challenge with 
SL1363, IL-12 p40 mRNA production by macrophages from BALB/c mice was 

TABLE VI 

SURVIVAL O F B A L B / C M I C E IMMUNIZED WITH VIABLE 

ATTENUATED OR KILLED SALMONELLA 

Immunogen^ No. dead/total* % Survival 

Viable SL1438 0/10 100 
Killed SL1438 10/10 0 

^Mice were immunized orally with doses containing 1X 10^^ CFU each 
of either viable or ethanol-killed SL1438 on Days 0 and 7. Mice were 
then challenged orally with 1 X 10^ SL1363 on Day 14. 

^Day 9 postchallenge. By Day 9 postchallenge, 6 of 10 mice immu-
nized with killed SL1438 were dead; the remainder were near death 
and were sacrificed. In contrast, all mice immunized with viable 
SL1438 renxg^ed healthy. 
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examined. Elicited peritoneal macrophages were infected in vitro with either viable 
or killed SL1438; 4 hr postinfection, total RNA was extracted and reverse-tran-
scribed, and the levels of IL-12 p40 mRNA were assessed by PCR. As shown in 
Fig. 8, macrophages infected with viable SL1438 (V) produced higher amounts of 
IL-12 p40 mRNA than did macrophages infected with killed SL1438 (K). As a 
control, macrophages were treated with either LPS or complete medium (0). 

C. Differential Production of IL-12 p40 mRNA by Macrophages 
from C3H Mice 4 hr Postinfection 

Since LPS is able to induce the expression of IL-12 from macrophages, it was 
necessary to determine whether the production of IL-12 p40 mRNA was an LPS-
related event or truly a function of strain viability. For this study, mice from the 
C3H lineage were utilized. C3H/HeN (Lps") and C3H/HeJ (Lps^) are isogenic 
except for the Lps allele (Watson et al, 1977, 1978). Elicited peritoneal macro-
phages from either C3H/HeN (Fig. 9A) or C3H/HeJ (Fig. 9B) mice were infected 
in vitro with either viable or killed SL1438 and 4 hr postinfection total RNA was 
extracted and reverse-transcribed, and the levels of IL-12 p40 mRNA were as-
sessed by PCR. Macrophages from both strains of mice infected with viable 
SL1438 (V) produced higher amounts of IL-12 p40 mRNA than did macrophages 
infected with killed SL1438 (K). PCR products for glyceraldehyde 3-phosphate 
dehydrogenase (G3PDH) revealed similar efficiencies of reverse transcription and 
equal amounts of input cDNA between samples. Since macrophages from both 
LPS-sensitive and LPS-resistant animals produced IL-12 p40 mRNA in response 
to both viable and killed Salmonella, it is unlikely that the observed response is 
solely an LPS-mediated event. 

LPS0 V K (-) 

IL-12 p40 

FIGURE 8. Induction of IL-12 p40 mRNA by macrophages from BALB/c mice 4 hr following expo-
sure to viable attenuated or killed Salmonella. Peritoneal macrophages from BALB/c mice were incu-
bated with LPS, complete medium (0) or viable (V) or ethanol-killed (K) SL1438 at a multiplicity of 
infection of 1:1 for 60 min. The macrophages were washed three times with PBS to remove extracellu-
lar bacteria and further incubated in complete medium containing gentamycin to kill any remaining 
extracellular bacteria. At 4 hr, total RNA was isolated from macrophages and reverse-transcribed, and 
cDNA from each sample was subjected to PCR for determination of IL-12 p40 mRNA. From Chong 
etal (1996, Fig. 1, p. 1156). 



37. Attenuated Salmonella Vectors for Oral Vaccines 

0 V K B 

^ ^ ^ IL-12p40 
IL-12p40 

^ ^ ^ LPS0V K 
G3PDH ^ ^ ^ 

G3PDH 

FIGURE 9. Induction of IL-12 p40 mRNA by macrophages from C3H mice 4hr following exposure 
to viable attenuated or killed Salmonella. Peritoneal macrophages from C3H/HeN (A) or C3H/HeJ (B) 
mice were incubated with LPS, complete medium (0) or viable (V) or ethanol-killed (K) SL1438 at a 
multiplicity of infection of 1:1 for 60 min. The macrophages were washed three times with PBS to 
remove extracellular bacteria and further incubated in complete medium containing gentamycin to kill 
any remaining extracellular bacteria. At 4 hr, total RNA was isolated from macrophages and reverse-
transcribed, and cDNA from each sample was subjected to PCR for determination of IL-12 p40 mRNA. 
cDNA from each sample was also subjected to PCR amplification for expression of the housekeeping 
gene, glyceraldehyde 3-phosphate dehydrogenase (G3PDH). From Chong et al (1996, Fig. 2, p. 1156). 

D . Quantification of IL-12 p40 mRNA Production by Macrophages 
from C3H Mice 

In order to quantify the differences observed in IL-12 p40 mRNA between macro-
phages infected with viable or killed SL1438, QC-RT-PCR was performed. Serial 
threefold dilutions of IL-12 p40 competitor DNA were added to individual tubes, 
each containing the same amount of cDNA from a particular sample, and PCR 
was performed. As the amount of competitor decreased, a point of equivalence 
was reached in which there were equal amounts of sample cDNA and competitor. 
The competitor is 78 bp smaller than the 266-bp IL-12 p40 fragment amplified by 
RT-PCR and is amplified by the same primer pair. Macrophages from both C3H/ 
HeN (Fig. lOA) and C3H/HeJ (Fig. lOB) mice infected with viable SL1438 had a 
point of equivalence in lane 3 and macrophages infected with killed SL1438 had 
a point of equivalence threefold lower (lane 4). Compared to control macrophages 
(not shown), macrophages from both C3H/HeN and C3H/HeJ mice infected with 
viable SL1438 produced approximately 27-fold more IL-12 p40 mRNA (Table 
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VII). Macrophages from both strains of mice infected with killed SL1438 pro-
duced approximately ninefold more IL-12 p40 mRNA than did control macro-
phages. Since the relative production of IL-12 p40 mRNA by both groups of mac-
rophages was the same, it can be concluded that the differential production seen 
as a result of infection with viable or killed SL1438 is also not due to the presence 
of LPS on these organisms. 

/ 

E. Quantification of IL-12 p40 mRNA Produced by Macrophages 
from C3H mice 24 hr Postinfection 

In order to determine whether the observed increase in IL-12 p40 mRNA is sus-
tained over time, macrophages from C3H/HeN or C3H/HeJ mice were infected in 

TABLE VII 

INCREASES IN IL-12 P-^O M R N A PRODUCTION BY MACROPHAGES FROM C3H M I C E EXPOSED 

TO VIABLE ATTENUATED OR KILLED SALMONELLA AS DETERMINED BY Q C - R T - P C R ' * 

Time postexposure 
(hr) 

4 

24 

Strain 

C3Hy^eN 

C3H/HeJ 

C3H/HeN 

C3H/HeJ 

Treatment 

Media 
Viable 
Killed 

Media 
Viable 
Killed 

Media 
Viable 
Killed 

Media 
Viable 
Killed 

Relative increase in 
IL-12 p40 mRNA* 

1 
27 

9 

1 
27 

9 

1 
3 

< 3 

1 
< 3 
< 3 

^From Chong et al (1996, Table 1, p. 1158). 
* Peritoneal macrophages were exposed to complete media, viable attenuated, or killed SL1438 at a 
multiplicity of infection of 1:1 for 60 min. The macrophages were washed three times with PBS to 
remove extracellular bacteria and further incubated in complete medium containing gentamycin to 
kill any remaining extracellular bacteria. At 4 or 24 hr, total RNA was isolated from macrophages 
and reversed transcribed, and cDNA from each sample was subjected to QC-RT-PCR. Amplification 
was quantified by visualization. As the amount of competitor decreased, a point of equivalence was 
reached in which there were equal amounts of sample cDNA and competitor. The point of equiva-
lence was compared between different samples with IL-12 p40 mRNA from macrophages exposed 
to complete media arbitrarily set at 1. 
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IL-12p40 

AlL-12p40 

FIGURE 10. QC-RT-PCR for the production of IL-12 p40 mRNA by macrophages from C3H mice 
4 hr following exposure to viable attenuated or killed Salmonella. cDNA samples from C3H/HeN (A) 
or C3H/HeJ (B) mice remaining after RT-PCR had been performed for Fig. 9 were also analyzed by 
QC-RT-PCR to quantify IL-12 p40 mRNA production. Serial dilutions (1:3) of IL-12 p40 competitor 
DNA were added to individual tubes, each containing the same amount of cDNA from a particular 
sample, and PCR amphfied. The location of the 266-bp sample IL-12 p40 mRNA fragment and the 
188-bp competitor is shown and a point of equivalence can be determined. Macrophages from both 
C3H/HeN (A) and C3H/HeJ (B) mice infected with viable SI 1438 had a point of equivalence in lane 
3 and macrophages infected with killed SL1438 had a point of equivalence in lane 4. In addition, a 
negative control is shown ( - ) in which DNA was omitted from the PCR reaction. From Chong et al 
(1996, Fig. 4, p. 1157). 

vitro with either viable or killed SL1438; at 24 hr postinfection total RNA was 
extracted and reverse-transcribed, and the levels of IL-12 p40 were assessed by 
QC-RT-PCR. Macrophages from C3H/HeN and C3H/HeJ mice infected with via-
ble or killed SL1438 produced quantitatively similar amounts of IL-12 p40 mRNA 
(Table VII). Compared to control macrophages, there was an approximate three-
fold increase in levels of IL-12 p40 mRNA. Therefore, the dramatic and rapid 



538 John D. Clements, Celeste Chong, and Kenneth L. Bost 

upregulation of IL-12 p40 mRNA observed at 4 hr postexposure is a transient 
event. 

Recently we reported the results of a study in which mice orally immunized 
with S. dublin EL23, a nonreverting aromatic-dependent histidine requiring mutant 
transformed with a plasmid which carries a gene that codes for production of the 
B subunit of the heat-labile toxin (LT-B) of enterotoxigenic E. coli, were analyzed 
for their ability to initiate production of IL-12 mRNAs at mucosal sites (Bost and 
Clements, 1995). Six or 20 hr following oral inoculation, the Peyer's patches and 
mesenteric lymph nodes were removed and poly A+ mRNA was prepared from 
each tissue. Constitutive production of an mRNA encoding the p35 subunit of IL-
12 was observed in control as well as inmiunized mice. Conversely, production of 
an mRNA encoding the p40 subunit of IL-12 was not detected in control animals, 
but was dramatically upregulated in orally inoculated mice. Using QC-RT-PCR, 
differences in the magnitude of IL-12 p40 mRNA production were quantified. Six 
hours after oral inoculation with the Salmonella construct, mice had 12.1- and 8.4-
fold increases in IL-12 p40 mRNA in the Peyer's patches and mesenteric lymph 
nodes, respectively, when compared to control mice. By 20 hr, the pattern of in-
creased mRNA production was reversed, showing 2.5- and 17.6-fold increases in 
the Peyer's patches and mesenteric lymph nodes, respectively. 

In the study described above, we focused on the ability S. dublin to elicit pro-
duction of IL-12 p40 mRNA in macrophages from LPS-sensitive and LPS-resis-
tant mice. Exposure of macrophages to either viable or killed organisms resulted 
in a dramatic and rapid upregulation of IL-12 p40 mRNA when compared to 
control macrophages. By 4 hr postexposure, viable organisms had induced a 27-
fold increase in IL-12 p40 mRNA while killed organisms had induced a 9-fold 
increase. This was observed in macrophages isolated from both LPS-sensitive 
and -resistant mice. By 24 hr postexposure, the levels of IL-12 p40 mRNA had 
decreased to less than 3-fold above control level in macrophages from both strains 
of mice. The observed increase in IL-12 p40 mRNA is unlikely to be solely LPS-
mediated for the following reasons: (i) Infection of murine macrophages with Lis-
teria monocytogenes (a gram-positive facultative intracellular pathogen) results in 
increased production IL-12 (Hsieh et al, 1993), and (ii) IL-12 p40 mRNA in-
creased in macrophages from both C3H/HeN (Lps^) and C3H/HeJ (Lps^) mice. 
The temporal shift in production of IL-12 p40 mRNA observed both in vivo (from 
Peyer's patches at 6 hr postinoculation to mesenteric lymph nodes at 20 hr post-
inoculation) and in vitro (elevated expression in macrophages at 4 hr postexposure 
and near basehne levels by 24 hr postexposure) is consistent with our understand-
ing of the pathogenesis of these organisms. It is most likely that the Salmonella 
first contact macrophages in the Peyer's patches, resulting in an immediate upregu-
lation of IL-12 expression, and subsequently contact macrophages in the mesen-
teric lymph nodes as they follow their natural progression in disease. Coupled 
with our previous findings, this study begins to explain at a molecular level how 
orally administered viable Salmonella might stimulate cell-mediated immunity to 
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a greater extent than orally administered killed organisms. Specifically the higher 
levels of IL-12 induced by viable Salmonella may result in the development of a 
Thl response and cell-mediated immunity. In contrast, the lower levels of IL-12 
induced by killed Salmonella may not be sufficient to promote a Thl response, 
the result being failure to protect against challange with virulent wild-type organ-
isms. These findings provide insight into a possible mechanism for anti-typhoid 
inmiunity induced by oral immunization with viable Salmonella. 
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I. I N T R O D U C T I O N 

Oral tolerance is defined as a state of immunological unresponsiveness to an anti-
gen induced by the feeding of that antigen. This term is something of a misnomer 
in that such tolerance can ensue after the application of antigen to other mucosal 
membranes such as the respiratory or nasal mucosa. Thus, an argument could be 
made that the term should be "mucosal tolerance" rather than "oral tolerance." 
That being said, the bulk of the work in this area has been after the feeding of 
antigen so most of the information available applies to oral tolerance. This chapter 
is a brief commentary sunmiarizing the current status of the field, as well as what 
questions now need to be addressed. The reader is referred elsewhere for detailed 
reviews (Mowat, 1994; Weiner et a/., 1994). 

II . O R A L T O L E R A N C E I S A C R U C L \ L F E A T U R E O F T H E 

M U C O S A L I M M U N E S Y S T E M 

The mucosal immune system is constantly exposed to an immense number and 
variety of food and bacterial antigens. The amount of antigen in or transversing 
the gut is several orders of magnitude greater than the numbers of cells or quantity 
of antibody produced per day. Therefore, immunologic nonresponsiveness to lume-
nal antigens is more common than is immune responsiveness. Another way of 
viewing this is that oral tolerance allows the mucosal immune system to focus on 
antigens or pathogens representing a threat to the host. As is true elsewhere in the 
immune system, the context in which an antigen is encountered largely determines 
the resulting immune response. The context of infection or invasion by a pathogen 
receives the highest priority and strongest response. Oral tolerance thus represents 
one end of the spectrum of response to exogenous antigen and is increasingly 
being recognized to be an active process, i.e., not simply the absence of a re-
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sponse. The limitation of response to innocuous antigens at mucosal surfaces is as 
important as the stimulation of immune responses to the antigens of pathogenic 
microbes. 

III. M A J O R F E A T U R E S O F O R A L T O L E R A N C E 

Work done in the past few decades has defined a number of important features of 
oral tolerance. First, the tolerance is specific for the antigen that is fed, and this 
applies to both cellular and humoral immune responses (Miller and Hanson, 1979). 
Second, the tolerance is partial. In regard to antibody responses, the reduction 
usually amounts to a one log reduction compared to animals which are parenter-
ally immunized without prior feeding. Third, tolerance is not long-lasting and 
wanes with time (Melamed and Friedman, 1993b). In mice this generally equates 
to several months of unresponsiveness which then dissipates. Fourth, the feeding 
of antigen abrogates the induction of an immune response better than it reduces 
an established one. There are a number of important parameters for the induction 
of oral tolerance that are shown in Table I. The types of antigens that have induced 
oral tolerance include various protein antigens, contact allergens, heterologous red 
blood cells, and certain killed viruses (Elson, 1985). Although tolerance has been 
reproducibly demonstrated after the feeding of multiple proteins, most of these 
have been of eukaryotic origin and it's unclear whether the feeding of bacterial 
proteins would result in oral tolerance, given the endogenous priming of the muco-
sal immune system to antigens of the normal bacterial flora. A common feature of 
tolerogenic antigens is that most induce T-cell-dependent immune responses when 
given parenterally and most are good immunogens. Oral tolerance does not appear 
to be induced to T-cell-independent antigens (Titus and Chiller, 1981). The total 
number of different antigens that have been fed to rodents to induce oral tolerance 
is fairly limited compared to the large numbers of antigens encountered at mucosal 
surfaces. Other important parameters for the induction of oral tolerance include 
the dose of antigen, which usually involves milligram quantities (Friedman and 
Weiner, 1993), the mucosal route of antigen delivery, and the age (Strobel and 
Ferguson, 1984; Faria et al, 1993), genetic background, and species of the host 
(Peri and Rothberg, 1981; Miller and Cook, 1994). Lastly, recent studies have 
shown that oral tolerance can be enhanced by varying the delivery vehicle or 
incorporating immunomodulators with the fed antigens as discussed below. 

IV. W H E R E I S O R A L T O L E R A N C E I N D U C E D ? 

An antigen delivered into the intestine encounters a very complex environment 
with many cell types as well as ubiquitous digestive enzymes. The exact site of 
tolerance induction for any given antigen has not been clearly established. The 
candidates are Peyer's patches or lymphoid follicles, the epithelial layer, or the 
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TABLE I 

IMPORTANT PARAMETERS FOR THE INDUCTION O F 

ORAL TOLERANCE 

Type of antigen 
Dose 
Frequency of feeding 
Mucosal route 
Immunogenicity of the antigen 
Species 
Genetic background of individual 
Age 
Delivery system/adjuvant 

systemic lymphoid compartment (exposed to antigenic fragments generated by di-
gestion in the intestine). Of these possibiHties, the data are clearest that the 
lymphoid follicles or Peyer's patches of the gut represent one site of tolerance 
induction (Richman et ah, 1981; Santos et ai, 1993). Interestingly, each of the 
mucosal surfaces at which tolerance can be induced also contain lymphoid folli-
cles. This does not exclude that there may be other sites of tolerance induction. 
There has been increasing recognition that the intestinal epithelial cell layer is an 
active component of the mucosal immune system (Elson and Beagley, 1994). Epi-
thelial cells produce and respond to a wide variety of cytokines and thus commu-
nicate with the lymphoid cells in the mucosa (Fig. 1). Moreover, epithelial cells 
express both MHC class I and class II molecules and have been shown to be able 
to process soluble antigens. Antigen presentation by gut epithelial cells in vitro 
seems to preferentially induce suppressor cells (Bland and Warren, 1986; Mayer 
et al, 1988), possibly because epitheUal cells lack costimulatory molecules such 
as B7 (Sanderson et al, 1993). However, most of the data supporting the possible 
role of epithelial cells in oral tolerance induction come from in vitro studies; there 
is as yet direct no evidence from in vivo studies that epithelial cells participate in 
oral tolerance induction. A third possible site for tolerance induction is the sys-
temic lymphoid compartment through exposure to absorbed antigen fragments. 
This possibihty is suggested by data showing that oral tolerance for DTH re-
sponses can be transferred by serum obtained a few hours after feeding antigen to 
mice (Strobel et al, 1983). 

V. M E C H A N I S M S O F O R A L T O L E R A N C E 

Multiple mechanisms of oral tolerance have been identified, consistent with its 
importance to the functioning of the mucosal immune system. The most common 
mechanisms appear to be clonal deletion (Chen et al, 1995), clonal anergy (Mel-
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amed and Friedman, 1993a), and the induction of suppressor cells (Richman et 
al, 1978). It must be emphasized that these mechanisms are not mutually exclu-
sive and more than one of them could be operative simultaneously after antigen 
feeding, e.g., antigen feeding might result in both anergy and suppression. In mice 
a crucial variable as to which mechanism is triggered appears to be the dose of 
antigen fed (Table II). Thus, multiple feedings of 1-mg doses have been shown to 
generate cells producing inhibitory cytokines, whereas large doses of 20 mg or 
more appear to preferentially induce clonal anergy (Friedman and Weiner, 1994). 
These two mechanisms can be operationally defined, as shown in Table II, and 
thus identified in tolerized mice (Friedman and Weiner, 1994). There appears to 
be a gradient of sensitivity of different cell types to the induction of tolerance 
with the Thl CD4+ T cell the most susceptible (Burstein et al, 1992; Melamed 
and Friedman, 1994) followed by the Th2 CD4+ T cell (Fig. 2). Indeed, T cells 
appear to be the major target of oral tolerance and the reductions in antibody 
responses after antigen feeding are more likely due to reductions in helper activity 
of T cells than they are due to tolerization of B cells directly. There is at present 
little or no evidence that B cells are tolerized directly by antigen feeding (Titus 
and Chiller, 1981). The sequence of events immediately following antigen feeding 
has recently been explored and the picture that is emerging is that there is a stage 
of cell activation, cell cycling, and cytokine production that occurs in the days 
after antigen feeding that appears to be necessary for the induction of oral toler-
ance. This again reinforces the notion that oral tolerance is an active process and 
not merely the absence of a response. A number of other mechanisms that have 
been found in peripheral T-cell tolerance in systemic tissues, such as T-cell exhaus-
tion, partial activation of T cells, and downregulation of T-cell receptor expression 
(Adorini, 1993), have not yet been identified as mechanisms mediating oral toler-
ance. 
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TABLE II 

ORAL TOLERANCE: IMPORTANCE O F D O S E 

Dose Mechanism 

Small doses any frequency 

Multiple, moderate doses, e.g., 1 mg X 5 

Large bolus dose, e.g., 20 mg 

No tolerance (threshold effect) 

Suppression 
1. Transferable with cells 
2. CD4 or CDS 
3. Candidate cytokines: TGF)3, IL-4, IL-10 

Anergy 
1. Decreased IL-2 on antigen reexposure 
2. Rescue with exogenous IL-2 

VI. E N H A N C E M E N T O F O R A L T O L E R A N C E B Y D E L I V E R Y 

S Y S T E M S O R A D J U V A N T S 

In most studies on oral tolerance, soluble antigen is gavaged into mice at various 
doses. There are very few studies on whether oral tolerance can be enhanced by 
varying the delivery of antigen or incorporating immunomodulators with the fed 
antigen. Indeed, there are only three such reports. In one, feeding bacterial lipo-
polysaccharide along with the protein antigen enhanced oral tolerance to myelin 
basic protein (Khoury et al, 1990). In the second, antigen was coupled covalently 
to recombinant cholera toxin B subunit. The oral administration of even single 
doses of very small amounts of such conjugates resulted in tolerance in delayed-
type hypersensitivity responses both to sheep red blood cells and to human gam-
maglobulin (Sun et al, 1994). The mechanism of the enhancement of tolerance in 
this system remains unknown. In a third report, oral antigen delivery by way of a 
multiple emulsion system enhanced oral tolerance induction to bovine serum albu-
min, ovalbumin, and to a bacterial protein which by itself is a weak inducer of 

Th1 Th2 Bcell 

DTH, 
Cellular 

Humoral > 
immunity 

IHumorai 
immunity 

FIGURE 2, Gradient of sensitivity to tolerance induction. 
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oral tolerance (Elson et al, 1996). These few studies do represent proof of the 
principle that oral tolerance can be enhanced; moreover these systems may result 
in a marked reduction in the doses required to induce tolerance which would be 
of considerable practical benefit. Development of this area will be crucial to the 
eventual successful application of oral tolerance to the treatment of human disease 
and is an area begging for further experimental development. 

VII. O R A L T O L E R A N C E A N D O R A L V A C C I N E S 

A good deal of effort is being applied to the development of effective oral vac-
cines. Could oral vaccines generate tolerance instead of immunity? Such an un-
wanted and potentially deleterious outcome certainly is possible on theoretical 
grounds and would seem to be a real possibility with some of the approaches 
being attempted, such as the incorporation of antigen into plants for use as vac-
cines (Mason et al, 1992). With other approaches, such as the use of living micro-
bial vectors, the induction of oral tolerance would seem to be a more remote 
possibihty. The same is true with approaches using toxin adjuvants such as cholera 
toxin or Escherichia coli heat-labile toxin, which have been shown to abrogate the 
induction of oral tolerance to coadministered antigen (Elson and Ealding, 1984; 
Clements et al, 1988). As mentioned above, relatively few antigens of microbial 
origin have ever been tested in a soluble form for the development of oral toler-
ance, and there are reasons to believe that these proteins may not be particularly 
tolerogenic (Dertzbaugh and Elson, 1993). Nevertheless, testing for the induction 
of tolerance needs to be incorporated into oral vaccine protocols. 

VIII . O R A L T O L E R A N C E AS A T H E R A P Y F O R E X P E R I M E N T A L 

A U T O I M M U N E D I S E A S E 

The feeding of autoantigens has been an effective prevention and treatment of 
experimental autoimmune diseases in a number of different systems (Thompson 
and Staines, 1990). These systems tend to have in common the induction of dis-
ease by immunization with an autoantigenic protein or peptide and most are medi-
ated by T cells, particularly Thl-type CD4 T cells. Prior feeding of the same 
antigen that is used to induce the disease can abrogate disease induction or, alter-
natively, disease can be ameliorated by feeding the antigen to animals with estab-
lished disease. Some of the diseases and the autoantigens used for feeding are 
shown in Table III. The best example of the use of oral tolerance to treat experi-
mental autoimmune diseases is experimental allergic encephalomyelitis (EAE) (Bi-
tar and Whitacre, 1988; Higgins and Weiner, 1988). EAE is induced in rodents by 
immunizing them with myelin basic protein (MBP) in complete Freund's adjuvant. 
Immunized animals develop a stereotypical paralytic disease that is due to T-cell-
mediated autoimmune attack on myelinated neurons in the nervous system. The 
feeding of MBP to such animals has lowered the incidence and delayed the onset 



38. Oral Tolerance 549 

TABLE III 

ORAL TOLERANCE AS THERAPY O F EXPERIMENTAL AUTOIMMUNE DISEASE 

Model Antigen fed 

Arthritis Type II collagen 
Experimental allergic encephalomyelitis Myelin basic protein 
Nonobese diabetic mouse Insulin 
Experimental autoimmune uveoretinitis Retinal protein S 
Thyroiditis Thyroglobulin 

of EAE, diminished its severity, decreased serum IgG anti-MPB, increased sali-
vary IgA anti-MPB, diminished the frequency of anti-MPB antibody-secreting 
cells and antigen-specific T cells, altered T-cell receptor V gene usage, induced 
suppression of MPB responses by CDS"̂  suppressor T cells (Thompson and 
Staines, 1990), and downregulated inflammatory cytokines in the brain lesions 
(Khoury et al, 1992). The use of oral tolerance as a therapy is not limited, how-
ever, to diseases induced by parenteral immunization with the same antigen be-
cause the feeding of insulin to young, prediabetic NOD mice is an effective treat-
ment of this disease (Zhang et al, 1991). 

IX. T H E C O N C E P T O F B Y S T A N D E R S U P P R E S S I O N 

For most human autoimmune or chronic inflammatory diseases, the antigens in-
volved remain unknown. This would seem to be an insurmountable obstacle to the 
use of oral tolerance as a novel potential therapy. However, this is not necessarily 
the case as long as the feeding of an autoantigen can be done in such a way as to 
induce antigen-specific suppressor cells. Once induced in the gut, such cells will 
circulate widely in the body and, upon reencounter with antigen in lesions, release 
various inhibitory cytokines (Miller et al, 1992). Such cytokines are themselves 
nonspecifically inhibitory and thus will downregulate cells in the lesions that rec-
ognize other antigens. This phenomenon has been demonstrated experimentally in 
vitro and has been termed "bystander suppression" (Miller et al, 1991). Indeed, 
bystander suppression has been demonstrated in vivo as well in three different 
models of organ-specific inflammatory disease, including proteolipid protein-in-
duced EAE, which was suppressed by the feeding of a myelin basic protein, vi-
rally induced diabetes, which was inhibited by insulin feeding (von Herrath et al, 
1995), and adjuvant- or antigen-induced arthritis, which was inhibited by the feed-
ing of collagen type II (Zhang et al, 1990; Yoshino et al, 1995). The various 
candidate cells and cytokines that might mediate such effects are shown in Fig. 3. 
These results in experimental animals provide further support for the idea that 
antigen feeding could become an effective treatment of human autoimmune dis-
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FIGURE 3, Candidate cells and cytokines mediating bystander suppression in oral tolerance. 

ease. However, almost nothing is known about whether bystander suppression oc-
curs in humans and, if so, how it can be triggered selectively. 

X. P R O S P E C T S F O R O R A L T O L E R A N C E AS A T H E R A P Y 

FOR H U M A N D I S E A S E 

Attempts to induce oral tolerance in some species, such as rabbits, have been 
unsuccessful (Peri and Rothberg, 1981) and until recently it's been unclear 
whether oral tolerance occurred in humans. In a recent study we fed keyhole lim-
pet hemocyanin (KLH) to human volunteers in 10 individual feedings representing 
a total dose of 0.5 g. The feeding was followed by a subcutaneous inmiunization 
with KLH. A control group received only the parenteral immunization. We found 
a significant reduction in KLH-specific T-cell proliferation and delayed skin-test 
responses (Husby et al, 1994). Although KLH feeding alone did not induce sig-
nificant levels of serum antibody, after the parenteral immunization the number of 
circulating IgG and IgM anti-KLH-producing cells and the titer of serum IgG, 
IgA, and IgM anti-KLH antibodies and the levels of secretory IgA anti-KLH were 
significantly greater in the KLH-fed group than in the nonfed group. These data 
indicate that KLH feeding induced systemic T-cell tolerance but B-cell priming at 
both systemic and mucosal sites. These results presumably mirror the greater sen-
sitivity of Thl T cells to oral tolerization that has also been seen in rodents. This 
study does support the potential usefulness of oral tolerance as a therapy of cellu-
lar-mediated but not antibody-mediated human chronic inflammatory or autoim-
mune diseases. 

Phase-I safety trials of oral tolerance in humans have been reported for patients 
with multiple sclerosis and rheumatoid arthritis. The multiple sclerosis patients 
with relapsing remitting disease were fed 300 mg per day of bovine myehn or 
placebo for 1 year in a double-bhnd fashion (Weiner et al, 1993). Significantly, 
no toxicity was observed, which was the primary purpose of the study. There did 
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appear to be some reduction in the number of major attacks in patients fed myelin 
vs those fed placebo but the numbers of patients were quite low. Similarly, the 
feeding of chicken type-II collagen at 0.1-0.5 mg per day for 3 months to patients 
with severe active RA did not result in any significant toxicity and did reduce 
significantly some parameters of arthritis activity (Trentham et al, 1993). Both of 
these studies involved fairly small numbers of patients and no firm conclusions on 
efficacy can be derived. Large multicenter dose-ranging trials are underway in the 
United States in both rheumatoid arthritis and multiple sclerosis patients. Prelimi-
nary data coming out of the rheumatoid arthritis study indicate that only the lowest 
of four doses used had any beneficial effect on the clinical status of the patients. 
Such trials represent a very expensive way to determine the doses that might be 
effective in humans. Surrogate assays for bystander suppression in humans are 
badly needed to help identify doses that might be effective in patients. The patients 
chosen for testing are also likely to be an important variable in the success or 
failure of such trials. Oral tolerance may well be an effective treatment early in 
the disease but not later. In organ-specific autoinmiune diseases such as autoim-
mune diabetes, the number of autoantigens that are recognized and contribute to 
the disease process expand with time (Lehman et al, 1992; Steinman, 1995) The 
induction of tolerance early in the disease when only a few autoantigens are driv-
ing the process would seem more likely to succeed than at late stages when the 
reverse is the case. Because antigen feeding has been found to be safe in patients, 
it would seem more reasonable to target this potential therapy to patients early in 
their disease course. 

XI. S U M M A R Y 

Oral tolerance can be viewed as a crucial feature of the mucosal immune system 
allowing mucosal inmiune focus in the setting of antigen overload. There are mul-
tiple variables and parameters that contribute to the induction of oral tolerance, 
but perhaps the most important of these is the dose of antigen fed. Oral tolerance 
can be enhanced by manipulation of antigen delivery and probably by various 
immunomodulators. The development of novel methods to enhance tolerance rep-
resents an area of investigation likely to pay rich dividends. Multiple different 
mechanisms are operative and these may well be present simultaneously. Oral 
tolerance has been found to be an effective treatment for experimental autoim-
mune diseases, both induced and spontaneous. Because oral tolerance can be in-
duced in humans, it may well represent an effective therapy for certain chronic 
inflanmiatory or autoimmune diseases. The mechanism most likely to be involved 
in effective therapy of human disease is that of bystander suppression. Thus, meth-
ods to induce bystander suppression by antigen feeding in humans should be a 
high priority for future research. 
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Oral tolerance was first described in 1911 when Wells fed hen's egg proteins to 
guinea pigs and found them resistant to anaphylaxis when challenged (1). Thus, it 
is a long-recognized method of inducing inmiune tolerance and refers to the obser-
vation that if one feeds a protein and then immunizes with the fed protein, a state 
of systemic hyporesponsiveness to the fed protein exists. In 1946, Chase fed 
guinea pigs the contact sensitizing agent, DCNB, and observed that animals had 
decreased skin reactivity to DCNB (2). Subsequently, numerous investigators have 
found that animals fed proteins such as ovalbumin or sheep red blood cells do not 
respond as well to these antigens when subsequently immunized, but do respond 
normally to other antigens (3). The phenomenon of oral tolerance has also been 
observed in humans fed and inmiunized with KLH (4). 

In recent years, as more has been learned about the general mechanisms of 
inmiune tolerance, investigators have begun to apply oral tolerance as a method to 
manipulate injurious immune responses, primarily in the area of autoinmiune dis-
eases, although its applications appear broader and have included transplantation 
as well. This area has gained intense interest and is likely to grow since manipula-
tion of systemic inmiune responses via the mucosal immune system has major 
practical and theoretical advantages. 

Immunologic tolerance is a basic property of the immune system that provides 
for self/non-self discrimination so that the immune system can protect the host 
from external pathogens without reacting against self. When the immune system 
reacts against itself, autoimmune disease results. For a time it was thought that 
self/non-self discrimination was a simple matter of deleting autoreactive cells in 
the thymus, but it is now clear that the maintenance of immunologic tolerance is 
a much more complicated process. Autoreactive cells, such as those reacting with 
brain, are not deleted and can be found in normal individuals (5,6). Why these 
cells become activated and cause disease in some individuals whereas in others 
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they remain harmless is a major question in basic immunology. How to control 
the autoimmune process once it has been initiated is major problem in clinical 
medicine. 

These two areas have come together in recent years as oral tolerance has been 
used successfully to treat autoimmune diseases in animal models (reviewed in Ref. 
7) and is now being applied for the treatment of human disease states (8, 9) Fur-
thermore, an understanding of the basic mechanisms by which orally administered 
antigens induce immune tolerance is beginning to emerge. As with immunologic 
tolerance in general, oral tolerance involves multiple mechanisms (10-13). Thus 
the term oral tolerance is in some ways misleading as it implies that there is one 
unique mechanism of tolerance induction when antigens are administered orally. 
This is not the case. Although the gut clearly has unique properties that favor 
tolerance induction, the type of tolerance induced must now be defined when fac-
tors that influence oral tolerance are investigated. 

Orally administered antigen encounters the gut-associated lymphoid tissue or 
GALT, a very well developed immune network that not only evolved to protect 
the host from ingested pathogens, but also developed the inherent property of 
preventing the host from reacting to ingested proteins. The GALT consists of villi 
which contain epithelial cells capable of antigen presentation, intraepithelial lym-
phocytes, and lamnia propria lymphocytes (14). In addition, there are Peyer's 
patches, lymphoid nodules interspersed among the villi, which are one of the pri-
mary areas in the GALT where specific immune responses are generated. Investi-
gators have attempted to use the GALT to immunize for vaccines but have been 
hampered by the systemic hyporesponsiveness or oral tolerance that is naturally 
generated. Nonetheless, as described below, active induction of selected immune 
responses in the GALT is one of the primary mechanisms by which oral antigen 
suppresses systemic immunity. 

In addition to stimulating the GALT, some oral antigen is absorbed. Although 
dietary antigens are degraded by the time they reach the small intestine, studies in 
humans and rodents have indicated that the degradation is partial and that some 
intact antigen is absorbed (15,16). Absorbed antigen, either undergraded or par-
tially degraded, appears to have an important role in the generation of certain 
types of oral tolerance. 

I. M E C H A N I S M S O F O R A L T O L E R A N C E 

It is now known that the mechanisms by which oral tolerance is mediated include 
the generation of active cellular suppression (regulatory cells), clonal anergy, or 
clonal deletion; the determining factor is the dose of antigen fed (10-13) (Fig. 1). 
Low doses favor active suppression, whereas higher doses favor anergy and dele-
tion. Active suppression is mediated by the induction of regulatory T cells in the 
gut-associated lymphoid tissue such as Peyer's patches. These cells then migrate 
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FIGURE 1. Mechanisms of oral tolerance. 

to the systemic immune system. When higher doses of antigen are fed, clonal 
anergy results and can be demonstrated by reversal of systemic hyporespon-
siveness by culturing with recombinant IL-2 (10,12). Anergy appears to be favored 
by the passage of antigen into the systemic circulation. When large doses of anti-
gen are fed, clonal deletion occurs (13). Thus, oral tolerance is not a single immu-
nologic event. 

Active cellular suppression of immune responses has been studied extensively 
over the years and has remained ill-defined due to difficulties in cloning suppres-
sor cells and defining their mechanism of action. More recently, it appears that 
one of the primary mechanisms of active cellular suppression is via the secretion 
of suppressive cytokines such as TGF/3, IL-4, and XL-10 after antigen-specific 
triggering (17). In this sense the GALT is unique as it favors the induction of cells 
which secrete these cytokines, Th2 as opposed Thl cells and T cells which secrete 
TGFjS, a potent immunosuppressive cytokine. T cells in lymphoid organs drained 
by mucosal sites secrete IL-4 as a primary T-cell growth factor whereas those 
drained by nonmucosal sites secrete IL-2 (18). Oral tolerance has often been dem-
onstrated by a decreased delayed type hypersensitivity (DTH) response to the fed 
antigen (2, 3, 7) and it is known that DTH is a Thl response inhibited by IL-4-
producing Th2 cells. TGFjS plays an important role in local function of the gut as 
it serves as a switch factor for IgA production in the mucosa (19) and may also 
be involved in the homing mechanism of the cells to high endothelial venules 
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(20). TGFjS is produced by both CD4+ and CD8+ GALT-derived T cells (17, 21) 
and is an important mediator of the active component of oral tolerance. TGFjS-
secreting MBP-specific CD4^ cells have recently been cloned from the mesenteric 
lymph nodes of orally tolerized SJL mice (17). These clones were structurally 
identical to Thl disease-inducing clones in TCR usage, MHC restriction, and epi-
tope recognition but suppressed rather than induced disease. Thus, mucosally de-
rived CF4"^ cells which primarily produce TGFjS may be a unique T-cell subset 
with both mucosal T-helper function and downregulatory properties for Thl and 
other immune cells. 

II . B Y S T A N D E R S U P P R E S S I O N A N D O R A L T O L E R A N C E 

Bystander suppression was discovered during the investigation of regulatory cells 
induced by oral administration of low doses of MBP (22). It solves a major con-
ceptual problem related to designing antigen- or T-cell specific therapy of in-
flanmiatory autoimmune diseases, such as multiple sclerosis, type 1 diabetes, and 
rheumatoid arthritis, in which the autoantigen is unknown or where there are reac-
tivities to multiple autoantigens in the target tissue. In animal models of autoim-
munity, during the course of the chronic inflammatory autoimmune process there 
is intra- and interantigenic spread of autoreactivity at the target organ (23-27). 
Similar findings have been observed in human autoimmune disease in which there 
are reactivities to multiple autoantigens from the target tissue. For example, in 
multiple sclerosis there is immune reactivity to three myelin antigens, MBP, PLP, 
and MOG (5, 6). In type 1 diabetes, there are multiple islet-cell antigens that could 
be the target of autoreactivity including GAD, insulin, and heat-shock proteins 
(28). Because regulatory cells induced by oral antigen secrete antigen nonspecific 
cytokines after being triggered by the fed antigen, they suppress inflammation in 
the microenvironment where the fed antigen is localized. Thus, for an organ-spe-
cific inflammatory disease, one need not know the specific antigen that is the 
target of an autoimmune response but only feed an antigen capable of reducing 
regulatory cells which then migrate to the target tissue and suppress inflammation. 
Bystander suppression was demonstrated in vitro when it was shown that cells 
from MBP fed animals suppressed proHferation of an ovalbumin line across a 
trans well, but only when triggered by the fed antigen (22). The soluble factor 
was identified as TGFjS. Bystander suppression has also been demonstrated in 
autoimmune disease models. One can suppress PLP peptide-induced EAE by feed-
ing myelin basic protein (29) and MBP-specific T-cell clones from orally tolerized 
animals which secrete TGFjS also suppress PLP-induced disease. Other examples 
include the suppression of adjuvant (30) and antigen (31) induced arthritis by 
feeding type II collagen, the suppression of insulitis in the NOD mouse by feeding 
glucagon (7), and the suppression of LCMV-induced diabetes in mice that have 
had LCMV proteins expressed via the insulin promoter on the pancreatic islets by 
feeding insulin (32). 
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III. TREATMENT OF AUTOIMMUNE DISEASES IN ANIMALS 

A large series of studies have demonstrated that orally administered autoantigens 
can suppress several experimental models of autoimmunity and transplantation 
(Table I; reviewed in Ref. 7). The mechanism of suppression in these models 
depends on dosage administered; in some instances active suppression has been 
shown and in other instances, clonal anergy. Inmiunohistochemical studies have 
demonstrated the upregulation of anti-inflammatory cytokines such as TGFjS and 
IL-4 in the target organ of animals fed low dose of autoantigens (33-35). Im-
portantly, for human trials, feeding after inmiunization (30) and feeding in chronic 
disease models such as chronic EAE have been successful (36). Thus, it does not 
appear that feeding an autoantigen to an already sensitized animal necessarily re-
sults in further priming. Suppression of disease, however, may be most effective 
when homologous protein is administered (37) which has important implications 
for treatment of human autoimmune diseases for which recombinant human pro-
teins would be required. Although one can suppress the generation of antibodies 
by oral feeding, much larger doses are required and since the gut preferentially 
induces Th2 responses, the degree to which oral tolerance will be successful in 
suppressing antibody-mediated diseases is unclear. 

IV. T R E A T M E N T O F A U T O I M M U N E D I S E A S E S I N H U M A N S 

Investigators have shown that exposure of a contact sensitizing agent via the mu-
cosa prior to subsequent skin challenge led to unresponsiveness in a portion of 
patients studied (38). Orally administered KLH, 50 mg given daily for 2 weeks 

TABLE I 

SUPPRESSION O F AUTOIMMUNITY BY ORAL TOLERANCE 

Animal models Protein fed 

EAE MBP, PLP 
Arthritis (CII, AA, Ag, Pris) Type II collagen 
Uveitis S-Antigen, IRBP 
Diabetes (NOD mouse) Insulin, glutamate decarboxylase 
Myasthenia Gravie AChR 
Thyroiditis Thyroglobulin 
Transplantation AUoantigen, MHC peptide 

Human disease trials Protein 

Multiple sclerosis Bovine myelin 
Rheumatoid arthritis Chicken type II collagen 
Uveoretinitis Bovine S-antigen 
lype I diabetes Human insulin 
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over a 3-week period to human subjects, has been reported to decrease subsequent 
cell-mediated immune responses, although antibody responses were not affected 
(4). 

Based on the long history of oral tolerance and the apparent safety of the ap-
proach, human trials have been initiated in multiple sclerosis (8), rheumatoid ar-
thritis (9), and uveitis (39). These initial phase I/II trials have involved a relatively 
small number of patients and the clinical efficacy of oral antigen in these diseases 
must await the results of large-scale trials that are currently in progress (Table I). 
What can be said from the initial trials is that there was no apparent toxicity or 
exacerbation of disease. In MS patients, a decrease in MBP reactive cells was 
observed in the peripheral blood, and in rheumatoid arthritis joint swelling was 
decreased. In multiple sclerosis there is presently a 500-patient double-blind phase 
III trial in which patients are randomized by sex and DR type, which may link to 
the response. In rheumatoid arthritis, a 280-patient double-blind phase II dosing 
trial has just been completed in which doses ranging from 20 to 2500 fig were 
tested. Preliminary analysis of the data suggests a positive effect in patients feed 
20 fjig. In uveitis, a double-masked trial of S-antigen and an S-antigen mixture is 
currently in progress. In addition, trials are being planned both in juvenile and 
new-onset diabetes in which oral recombinant human insulin will be administered. 
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In the present chapter we describe how molecular immunology may be used to 
better understand regulatory mechanisms in mucosal immunity. With cholera toxin 
(CT) as the prototype we discuss how current knowledge about the function of a 
potent mucosal immunoenhancer may be explored to construct compounds that 
can find general use as future vaccine adjuvants. Two technical achievements were 
of fundamental importance for the study. The first was the development of gene 
fusion technology which enabled the linking of genes encoding different properties 
into a single fusion protein with defined biological functions. Thereby, molecular 
constructs can be composed that are actively immunomodulating and targeted to a 
distinct cell population of the inmiune system. We will present recent data gener-
ated in our laboratory that suggest that such targeted adjuvants may, indeed, be 
constructed and can be made to affect events or cellular subsets that play central 
roles in the inmiune response. The second prerequisite for the study was the estab-
lishment of transgene and homologous gene recombination technologies which 
have provided in vivo models that greatly facilitate studies of complex regulatory 
mechanisms such as those controling mucosal inmiunity. We have taken advantage 
of these technologies to better understand how an efficient mucosal adjuvant 
should be constructed. In the gene knock-out mice we have investigated whether 
a distinct celltype, i.e., CDS"^ T cells or CD4^ Th2 cells, or a cytokine is respon-
sible for the adjuvant function of our prototype adjuvant, CT. Our recent findings 
using these in vivo models will be discussed. 

There is a growing interest in oral vaccines and the possibility to use such 
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vaccines to protect not only against infectious diseases affecting mucosal surfaces 
but also against diseases like HIV, chlamydia, and polio (Lycke and Svennerholm, 
1990; McGhee et al, 1992; Mestecky et al, 1994). Although live vectors have 
been found to be efficient delivery systems for oral antigen administration, the 
clinical use of such vaccines is still unclear (Mestecky et al, 1994; Michalek et 
al, 1994). This has prompted research with the aim of identifying substances that 
could find general use as adjuvants in mucosal vaccines. Most soluble protein 
antigens are normally poor immunogens at mucosal surfaces, and when adminis-
tered perorally they fail to stimulate significant inmiune responses (McGhee et al, 
1992). By contrast, feeding of most protein antigens will induce oral tolerance, 
which is characterized by systemic unresponsiveness to a second challenge with 
the antigen (Mowat, 1994). A powerful mucosal adjuvant should be nontoxic and 
should greatly improve inmiunogenicity of the protein antigen and promote the 
development of long-term immunological memory. Whether it is necessary to 
break induction of oral tolerance or not is currently a debated issue. It should be 
noted that all mucosal adjuvant systems described so far have abrogated oral toler-
ance while promoting gut mucosal IgA immunity (Mowat, 1994). Therefore, it 
would appear that local IgA immunity and oral tolerance are two mutually exclu-
sive phenomena. Nevertheless, two principally different approaches have been 
taken to achieve an efficient mucosal adjuvant; the first has focused on con-
structing powerful delivery systems for oral antigens. Encapsulated microparticles 
are an example of this research (Eldridge et al, 1989; Challacombe et al, 1992; 
Michalek et al, 1994). The second approach is to construct an adjuvant that will 
immunomodulate the response to the oral antigen, thereby evoking strong IgA 
immunity and immunological memory (Lycke and Svennerholm, 1990). The chol-
era toxin (CT) system has become a prototype system for this latter approach. 

Cholera toxin is an exceptionally potent mucosal immunogen and adjuvant (El-
son and Ealding, 1984a,b; Lycke and Holmgren, 1986; Liang et al, 1988). The 
toxin also breaks induction of oral tolerance and has become the probe used most 
to understand how an efficient mucosal adjuvant might be constructed (Elson and 
Ealding, 1984b; Homquist et al, 1994). Despite several years of research and 
many reports on the immunomodulating properties of GT, it is still uncertain 
which entity of CT is critical for its adjuvant function. For several years we have 
studied the properties of CT in a mouse model using both in vivo and in vitro 
experimental systems (Homquist et al, 1994). In our research we have tried to 
systematically address CT's immunomodulating properties which could affect im-
portant events involved in initiating and regulating mucosal immune responses, 
e.g., antigen-presentation, IgA B-cell differentiation, T-cell regulation, and devel-
opment of long-term immunological memory. 

CT is composed of five enzymatically inactive, nontoxic B subunits (CT-B) 
held together in a pentamere surrounding a single A subunit that contains a linker 
to the pentamere via the A2 fragment (CT-A2) and the toxic enzymatically active 
Al fragment (CT-Al) of the molecule (RappuoH and Pizza, 1991). The toxic 
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CT-Al has strong ADP-ribosyltransferase activity and is thought to act on several 
GTP-binding proteins (G-proteins); the activity is strongest on Gsa. This results 
in activation of adenylate cyclase and the subsequent intracellular increase in 
cAMR CT-B binds to the ganglioside GMl receptor, present on most mammalian 
cells, and thereafter CT-A is translocated into the cell membrane/cytosol of the 
cell where the CT-Al and CT-A2 are dissociated. The profuse diarrheal response 
in cholera is thought to result from CT-Al-induced increased cAMP levels in the 
intestinal epithelium. 

An important issue is, therefore, whether the adjuvant property of CT may be 
separated from the toxic property. A simple solution to this problem would be to 
use only the CT-B moiety of the holotoxin. However, most experimental studies 
using recombinant CT-B agree that this moiety is not acting as a mucosal adjuvant 
when admixed with a protein antigen and given perorally (Homquist et al, 1994). 
Rather, the principal adjuvant effect has been attributed to the CT-Al-moiety 
(Lycke et al, 1992). This understanding has prompted research attempting to sepa-
rate the toxic activity from the adjuvant activity using site-directed mutagenesis of 
the CT-A-moiety (Bumette et al, 1991). Of note, though, one should bear in mind 
that there are distinct differences with regard to CT-B's effects in different species 
and given as an immunoenhancer by different routes. For example, in humans CT-
B is highly inmiunogenic given perorally, whereas it is poorly immunogenic by 
that route in mice (Lycke and Svennerholm, 1990; Homquist et al, 1994). How-
ever, in mice CT-B may be used as an effective carrier molecule for oral antigen 
delivery and in the presence of small doses of holotoxin it may stimulate strong 
mucosal immune responses (Czerkinsky et al, 1989; Russell and Wu, 1991; Hajis-
hengallis et al, 1995). Used separately as a carrier molecule conjugated to protein 
antigens, CT-B has been shown recently to greatly facilitate the induction of oral 
tolerance while having only a poor effect on local intestinal IgA immune responses 
(Sun et al, 1994). However, in contrast to the peroral administration, an immu-
noenhancing effect has been documented for CT-B when admixed with protein 
antigens and given by the intranasal route (Tamura et al, 1988; Wu and Russell, 
1993). Thus, the requirements for an immunoenhancing effect of any given adju-
vant may differ between species and between different routes of immunization. 
For the sake of clarity, the rest of the discussion in this chapter will focus on 
studies in mice and neglect that species differences may exist. 

I. U N D E R S T A N D I N G I M M U N O M O D U L A T I O N BY CT: 

W H A T D O W E K N O W ? 

A. Antigen Uptake and Gut Permeability 

One explanation for the potent mucosal adjuvant effect of CT is its ability to bind 
to the GMl-ganglioside receptor on the gut epithelial cells. Increased uptake of 
antigen in intestinal follicles may be promoted by CT and it has been found that 
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particles conjugated to CT, in fact, selectively localized to the M cells overlaying 
the follicles rather than to the normal gut epithelium (Neutra and Kraehenbuhl, 
1992). Nevertheless, this cannot be the only effect of CT as a mucosal adjuvant 
because CT-B, which binds equally well to the GMl-ganglioside receptor on the 
M cells, is a comparatively poor mucosal adjuvant given perorally (Homquist et 
al, 1994). In addition, CT need not be physically conjugated to the antigen to 
exert the adjuvant effect, suggesting that the GMl-receptor pathway for antigen-
uptake is not the only critical factor for the adjuvant effect (Lycke and Holmgren, 
1986). We have investigated whether increased gut permeability for luminal anti-
gens could be part of CT's adjuvant function. By comparing the effect on gut 
permeability to luminal antigens with the adjuvant effect on intestinal immune 
responses to oral immunizations with CT or CT-B, we found that CT's adjuvant 
effect on local immunity was linked to an increased gut permeability for luminal 
antigens whereas CT-B failed to influence any of these events (Lycke et al, 
1991c). Thus, CT's gut mucosal adjuvant effect may potentially occur at local 
sites in the epithelium, lamina propria, or regional lymph nodes and may not be 
restricted to follicles such as the Peyer's patches (PP). 

B. Does the Adjuvant Effect Require 
ADP-Ribosyltransferase Activity? 

Previous data and the finding of an increased gut permeability for luminal antigens 
in the presence of CT suggested that the adjuvant effect might depend on the 
ability of CT, but not CT-B, to activate the adenylate cyclase/cAMP system. Ne-
drud and co-workers have shown that glutaraldehyde treatment of CT leads to a 
1000-fold reduction in toxicity but preserved capacity to enhance mucosal immune 
responses after oral immunization (Liang et al, 1989). A concomitant loss of ribo-
syltransferase activity occurred such that with a suitable substrate and necessary 
cofactors (supplied by lysed red cells) 5-10% residual cyclic AMP was generated 
compared to untreated toxin. To more directly, test the hypothesis that CT-Al 
ADP-ribosyltransferase is required for adjuvanticity we compared the adjuvant 
properties of cholera toxin, the highly homologous E. coli heat-labile toxin (LT), 
and a mutated form of heat-labile toxin (LTm) which lacks ADP-ribosyltransferase 
activity. We found that the toxic LT had potent adjuvant properties similar to that 
of CT. In contrast, the completely nontoxic mutated LT, which had a single amino 
acid substitution at residue Glu-112 of the Al-subunit, completely lacked adjuvant 
properties even though it exhibited undiminished binding to the toxin receptor, 
ganglioside GMl (Lycke et al, 1992). This finding reinforces the idea that the 
ADP-ribosyltransferase function of CT is important for the adjuvant effects. Other 
investigators have reported that additional single amino acid mutations of the A-
subunit of CT or LT at Arg7, Asp9, His44, Ser61, HisVO, Glu79, Argl46, and 
Argl92 also have diminished or altered ADP-ribosyltransferase activity (Bumette 
et al, 1991; Grant et al, 1994; Dickinson and Clements, 1995; Douce et al, 
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1995); the effects of some of these mutations on the capacity to enhance mucosal 
immune responses have recently been documented. 

The results from these studies, however, are not conclusive. Because of the 
conflicting findings it is still unclear whether the adjuvant effect of native CT or 
LT can be ascribed to the enzymatic activities of these toxins: Douce et al reported 
that the LT mutant LTK-7 with Arg7-^Lys acted as a mucosal adjuvant when 
used for intranasal immunizations despite lacking ADP-ribosyltransferase activity 
(Douce et ai, 1995). However, the LTK-7 mutant was not tested for adjuvant 
effects after oral administration and the study did not compare the enhancing ef-
fect of the nontoxic LTK-7 with that of LT-B in the absence of LTA. Moreover, 
Grant et al. (1994) showed that a mutation in LT-A at position Argl92-^Gly 
reduced, but did not completely block, the ADP-ribosylating ability of LT. This 
mutation also exerted significant cytotonic activity and was able to stimulate intra-
cellular cAMP increases. By contrast, an exactly identical mutation of LT-A, 
Argl92->Gly (LTRI92G), was reported by Dickinson (1995) to have negligible 
cytotonic effects and be devoid of ADP-ribosylating function but to have retained 
the ability to act as a mucosal adjuvant. However, a strict mucosal immunization 
protocol was not employed, because the adjuvant effect was evaluated after oral 
priming with antigen together with the LTRI92G followed by parenteral boosting 
with antigen alone. 

C. Effects of CT on Antigen Presentation 

An important event in immune responses to most soluble protein antigens is the 
priming of CD4"^ T-helper cells. Therefore, we have focused on cognate interac-
tions between antigen-presenting cells (APC) and T cells. In initial studies we 
used macrophages, freshly isolated or cell lines, as APC to elucidate whether CT 
affects T-cell activation. These studies demonstrated that CT greatly enhanced 
APC function leading to increased T-cell proliferation in vitro. We found that CT 
potentiated both allogen- and antigen-specific T-cell proliferation. The mechanism 
responsible for this effect was an enhanced costimulation by the APC as revealed 
by increased production of cytokines, IL-1, and upregulated expression of mem-
brane associated molecules such as B-7.1 and B-7.2 (Bromander et al, 1991; 
Homquist et al, 1994). The enhancing effect of CT on surface expression of B-7 
molecules was also found with B cells and was mimicked by dibutyryl-cAMP 
(dBcAMP) but was not observed with the non-ADP-ribosylating CT-B moeity 
(Fig. 1). Also, gut epitheUal cells were found to respond to treatment with CT and 
demonstrated enhanced allo-antigen activating ability of freshly isolated T cells. 
CT-treated gut epithehal cells were 50-75% more efficient as APC as compared to 
untreated cells. Again, the mechanism for this enhancement was due to increased 
costimulation involving induction of IL-1 and IL-6 production (Bromander et al, 
1993). Moreover, APC isolated from MLN or PP of mice orally treated with CT 
were more effective at presenting antigen relative to such cells from nontreated 
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FIGURE 1. Surface expression of B-7.1 and B-7.2 molecules on B cells cultured in the presence or 
absence of CT, rCT-B, or dBcAMR Enriched spleen B cells were cultured for 24 hr in plain medium 
or in the presence of 0.1 t̂g of CT, 1 )Ltg of rCTB, or 100 ^M of dibutyryl cAMP (dBcAMP). After 
washings, cells were double-labeled with anti-Ig PE together with FITC-labeled ant-B7.1 or B-7.2, 
respectively. FACS profiles showing Ig^ cells from cultures with plain medium are merged with the 
profiles from indicated cultures. The panels show upregulation of B-7.1 and B-7.2 in cultures with CT 
or dBcAMP. 

animals, indicating that, indeed, the in vitro findings reflect the function of CT in 
vivo (Lycke and Svennerholm, 1990). In addition, using limiting dilution analysis 
we have found that CT increases the frequency of primed antigen-specific CD4 ̂  
T cells by 20- to 40-fold as compared to immunizations with antigen alone, with-
out CT-adjuvant (Homquist and Lycke, 1993). Accordingly, we believe that the 
enhancing effect of CT on antigen-presentation and costimulation is one of the 
most important immunomodulating effects of CT and may, at least in part, explain 
the adjuvant function of CT in vivo. 

D . T-Cell Priming and Differentiation 

For long there has been an apparent inconsistency in our understanding of CT's 
effects on the immune system; while CT has been found to strongly inhibit T-cell 
functions in vitro it has become one of the most frequently used adjuvants to 
augment immune responses in vivo. Both CD4+ and CDS"^ T-cell-dependent re-
sponses such as IgA antibody production and cytotoxic T-cell effector functions 
may be strongly augmented by CT adjuvant (Wilson et al, 1991; Homquist and 
Lycke, 1993; Bowen et al, 1994). The adjuvant effect of CT is not restricted to 
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MHC class I or class II presentation. Although Elson et al. have provided evidence 
to suggest that the immunomodulating effect of CT is genetically restricted by 
MHC molecules, no mouse strain has yet been reported which is totally unrespon-
sive to the adjuvant effect of CT (Elson, 1992). The data from most studies, rather, 
seem only to reflect the prevailing MHC restriction in the ability of different 
mouse strains to respond to a certain antigen and not to the inability to respond to 
the adjuvant effect of CT. 

Studies of CT's effects on T cells in vitro have reported mostly inhibitory ac-
tions, e.g., that mitogen- or IL-2 dependent T-cell proliferation as well as T-cell 
receptor mediated activation were all blocked by CT (Imboden et al, 1986; 
Woogen et al, 1987; Anderson and Tsoukas, 1989; Munoz et al, 1990; Haack et 
al, 1993; Homquist et al, 1994). However, IL-4-driven T-cell proliferation was 
found less sensitive to CT-inhibition as compared to IL-2 driven proliferation in 
vitro (Anderson and Tsoukas, 1989; Munoz et al, 1990). It was, therefore, pro-
posed that while Thl cells (IL-2, IFNy) were blocked by CT, Th2-cell functions 
(IL-4) were not (Munoz et al, 1990; Lacour et al, 1994). To investigate this 
hypothesis we established an experimental model for the study of CT's effect on 
T-cell priming. Mice were given a single dose of KLH with or without the addition 
of CT-adjuvant and 7 days later T cells were restimulated by recall antigen in 
vitro. CT primarily enhanced CD4'^ T-cell priming while CD8'^ T cells were not 
required for the adjuvant effect. No selective effect on either Thl or Th2 type of 
CD4'^ T cells was evident with CT adjuvant (Homquist and Lycke, 1993). 

These findings were recently confirmed using gene knockout mice. Such mice 
are means of choice to explore some of the possible mechanisms for CT's adjuvant 
effects. We found potent adjuvant effects of CT in CD8" '̂ mice following oral 
immunizations with KLH plus CT (Homquist et al, 1996). In fact, the CD8"̂ " 
mice demonstrated 3- to 5-fold stronger local mucosal B- and T cell responses 
following oral immunization with KLH and CT-adjuvant as compared to normal 
C57B1/6 mice (Fig. 2). Also, we found that oral tolerance could be induced in 
CD8"̂ " mice and that the development of oral tolerance was abrogated by coadmin-
istration of CT to the oral feeding protocol. Both these findings of strong immuno-
modulating function in CD8'̂ " mice preclude that CT requires CD8^ T cells to 
exert its adjuvant effect on the immune system (Woogen et al, 1987; Elson et al, 
1995). Thus, although it has been claimed that CT exerts its adjuvant effect 
through impaired suppresive functions of CD8'^ T cells there is currently little 
experimental support for this notion (Elson et al, 1995). Furthermore, arguing 
against such a theory is the fact that, whereas CT is a good mucosal adjuvant but 
CT-B is not, both CT-B and CT have been found to exert similar downregulatory 
effects on CD8+ T cells (Woogen et al, 1987; Elson et al, 1995). 

In the context of soluble protein antigens, CT acts to augment CD4'^ T-cell 
priming as we and others have reported (Wilson et al, 1991; Homquist and Lycke, 
1993). Whether CT selectively promotes Thl- or Th2-dominated responses has 
been intensely discussed (Homquist and Lycke, 1993; Xu-Amano et al, 1993). In 
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FIGURE 2. Mice deficient for CDS "̂  T cells show strong adjuvant effects of cholera toxin. Following 
three oral immunizations with KLH plus CT-adjuvant, local immune responses by lamina propria lym-
phocytes were evaluated. Antibody production (SFC) was analyzed by the ELISPOT method on freshly 
isolated cells (left) whereas IFNy production (right) was detected after in vitro culture of isolated T 
cells in the presence of APC and specific antigen. Figures are from representative experiments showing 
means ±SD. 

collaboration with Manfred Kopf (Basel Institute for Immunology, Basel) and Ma-
rie Kosco-Vilbois (Glaxo, Geneva), we found that mucosal immune responses 
were impaired in IL-4-deficient (IL-4"̂ ") mice (Vajdy et al, 1995). These mice 
exhibited cytokine profiles and serum IgE and IgG-subclass patterns consistent 
with no or poor Th2 responses (Kopf et al, 1993; Vajdy et al, 1995). Using the 
IL-4"̂ " mice we observed that, although CT failed to promote mucosal immune 
responses to coadministered proteins following oral inmiunization, systemic re-
sponses after parenteral immunization in the presence of CT were clearly upregu-
lated to the same degree as seen in wild-type mice. In addition, CT exerted an 
adjuvant effect on intestinal immune responses if antigen was physically conju-
gated to CT prior to oral administration (M. Vajdy, unpublished observation). In-
terestingly, CT as an immunogen, contrary to KLH or OVA, was able to stimulate 
strong gut mucosal anti-CT IgA immune responses following oral immunizations 
in IL-4"̂ " mice. Therefore, it may be concluded that the presence of IL-4 or Th2 
cells seem not to be required for an adjuvant effect of CT and that CT has the 
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ability to stimulate mucosal immune responses in the gut through an IL-4/Th2-
independent pathway. Thus, CT enhances CD4'^ T-cell priming in vivo, indepen-
dent of CD8"^ T cells, without having any selective effect on the differentiation 
into Thl- or Th2-type of CD4^ effector cells. The latter point is further supported 
by the fact that CT does not selectively augment IgGl responses, influenced by 
Th2 cells, relative to IgG2a responses, which are under the control of IFN7 and 
Thl cells (Vajdy et al, 1995). 

E. Direct Effects of CT on B-Cell Isotype-Switch Differentiation 

In collaboration with Warren Strober (NIH, Bethesda, MD) and Eva Severinson 
(Karolinska Institute, Stockholm), we were able to demonstrate that CT causes 
LPS-stimulated membrane (m)IgM'^ B cells to undergo increased isotype-switch-
ing to IgG and IgA (Lycke and Strober, 1989; Lycke et aL, 1991a,b; Lycke, 1993). 
Subsequent studies revealed that CT also affected the B-cell responses to T-cell 
regulatory factors. CT and IL-4 had strong effects on IgGl switch-differentiation 
by acting synergistically to induce isotype switching. This effect was manifested 
at the gene level as demonstrated by enhanced expression of germline 7I RNA 
transcripts (Lycke et al, 1991a,b). The data indicated that CT affected B-cell iso-
type differentiation at an early stage, prior to final gene recombination, since CT 
increased Ig constant heavy-chain (CH) RNA transcripts that were in germline 
configuration. According to current theories on isotype switching the formation of 
sterile transcripts in germline configuration preceeds the final switching to the 
transcribed constant heavy-chain gene (Stavnezer et al, 1988). We compared the 
effect of whole CT with that of CT-B or dBcAMP on IL-4-induced IgGl switch-
ing. We found that CT as well as dBcAMP induced increased expression of sterile 
germline CHyl RNA transcripts while CT-B failed to do so (Lycke, 1993). More-
over, we found that CT interacted with other lymphokines to affect B-cell differen-
tiation. In spleen B-cell cultures containing IL-5 plus CT we observed greatly 
enhanced IgA differentiation as compared to cultures containing IL-5 or CT alone 
(Lycke et al, 1991a). We consider this latter observation important because it 
supports the idea that CT promotes B-cell isotype switching in the case referred 
to, from IgM to IgA, since IL-5 only acts to enhance terminal differentiation of B 
cells already committed to IgA (Harriman et al, 1988). Thus, these results indicate 
that CT does not act to direct switching in an isotype-specific manner. 

F. Immunological Memory after Mucosal Immunization 

A natural aim for vaccination is the generation of a long-standing inmiunological 
memory. We have provided evidence to suggest that in mice such memory devel-
ops after a single oral vaccination with a protein antigen admixed with CT (Lycke 
and Holmgren, 1987, 1989; Vajdy and Lycke, 1992, 1993, 1995). Thus, CT may 
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function as a memory-promoting factor in immunization. Recent findings with 
primed CD4"^ T cells from this system revealed that CT promoted a shift in phe-
notype from the naive, LECAM-1"^, Pgp-1~ to a memory phenotype LECAM-
1 - , Pgp-1''. This shift in phenotype affected 20-30% of the CD4+ T cells follow-
ing priming with antigen plus CT-adjuvant (Homquist and Lycke, 1993; Homquist 
et al, 1996). Moreover, once memory cells have been induced using CT adjuvant 
our data suggest that there is no need for CT for the elicitation of a secondary 
type of response. Thus, mucosal memory for KLH can be elicited by challenge 
with KLH alone without the need for CT (Vajdy and Lycke, 1992). This suggests 
that a functional memory against infectious organisms may be induced using CT 
adjuvant. 

Our studies now focused on the cellular and molecular characteristics of immu-
nological memory. At the cellular level we found that CT adjuvant promoted the 
generation of both B- and T-cell memory and these cells demonstrated wide distri-
bution in various tissues (Vajdy and Lycke, 1993). Of particular interest, antigen-
specific memory T cells were residing in the lamina propria of the intestine in 
perorally immunized mice. Moreover, memory T-cell lymphokine repertoires were 
analyzed and both Thl- and Th2-type of lymphokines were found in response to 
recall antigen in vitro. This finding further supports the notion that CT does not 
selectively promote CD4'^ Th2 cells, not even in the long-term scale used here 
(study period of 18-24 months after immunization). 

Following systemic immunizations most memory B cells are thought to express 
surface IgG rather than IgM but little information is available about memory B 
cells generated by mucosal immunization. At mucosal membranes only isotypes 
that associate with the poly Ig receptor, i.e., IgM and IgA, may be actively trans-
ported and transcytosed, through the epithelial cells from the lamina propria to the 
gut lumen (Mostov et al, 1984). Since the mucosal surfaces are predominantly 
protected by secretory IgA (sIgA) antibodies, and little if any IgG can be traced, 
it is assumed that mucosal memory is carried by B cells that have undergone 
isotype switch to IgA (Strober and Ehrhardt, 1994; Mestecky et al, 1994). Be-
cause isotype-switching to IgA involves deleting out constant heavy chain (C^) 
genes upstream of the Ca gene, such memory B cells would be restricted to muco-
sal surfaces and have limited usefulness outside the membranes, where instead 
IgG is required to protect against, e.g., pathogenic microorganisms which evade 
the mucosal barriers (Stavnezer et al, 1988; Gray, 1993). At variance with this 
notion, however, B cells isolated many months after oral immunization, in fact, 
produced IgM antibodies rather than IgA upon reactivation with antigen in vitro 
(Vajdy and Lycke, 1993, 1995). Thus, it appears that at least some memory B 
cells following mucosal immunization have not undergone rearrangement of their 
constant heavy-chain genes with maturational deletion of the CH/x gene. On reen-
counter with antigen, these memory B cells may secrete IgM or undergo isotype-
switch to whichever downstream isotype is most warranted in the particular micro-
environment. 
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II . C A N C T ' S I M M U N O M O D U L A T I N G E F F E C T S B E M I M I C K E D 

IN A P O W E R F U L N O N T O X I C V A C C I N E A D J U V A N T ? 

Our previous work and that of several other laboratories would suggest that the 
adjuvant function of CT requires ADP-ribosyltransferase activity and is, therefore, 
Hnked to the enzymatically active and toxic subunit, the CTAl. Knowing that a 
powerful adjuvant derived from the holotoxin structure must include the CT-Al 
moiety, this notion most likely precludes any construction of an adjuvant which 
employs the CT-B binding to the promiscuous ganghoside-GMl receptor present 
on a majority of mammahan cells. Since clinical findings with CT have suggested 
that even small doses of CT (<5 jjug) may cause diarrheal responses, it will be 
difficult to find general acceptance in a vaccine for human use of a toxic molecule 
which has the potential to bind to and affect any cell in the body. Although prom-
ising attempts to reduce toxicity with retained adjuvanticity of CT and LT mutants 
have been reported, the fact that these constructs lack targeted action will greatly 
hamper their use. 

In collaboration with Bjom Lowenadler and Lena Agren (Pharmacia, Stock-
holm), we have taken a different and unique approach and constructed a fusion 
protein that combines the enzymatic property of CT with the targeted action of a 
carrier protein, namely the Staphylococcus areus protein A (Lowenadler and 
Lycke, 1994). This latter protein is well known for its strong binding to IgG sub-
classes but can also bind to a significant extent to IgM and IgA (Ljungberg et al, 
1993). The rationale for this choice of carrier molecule was that we hoped our 
fusion protein would target primarily B cells. Potentially, it could also bind other 
APCs, as dendritic cells and macrophages, via Fc-receptor interactions after com-
plexing with free immunoglobulins. An inherent uncertainty in this high-risk proj-
ect was whether we could get enzymatic activity of CT-Al after linking it to a 
carrier/targeting molecule. Since retained ADP-ribosyltransferase activity of CT-
Al was a prerequisite for the success of the whole strategy, several approaches to 
the genetic construction were initially tested. Moreover, we did not know whether 
CT-Al could affect the immune system at all accessing cells via a pathway sepa-
rate from the GMl-gangHoside receptor pathway. 

A. Construction of Targeted CT-Al-Fusion Proteins 
with Adjuvant Action 

After much preparatory work we constructed a candidate adjuvant by fusing CT-
Al to DD, a synthetic analogue of a fragment of protein A, which targets the CT-
Al enzyme to B cells primarily and away from the GMl receptor on, e.g., the gut 
epithelial cells (Fig. 3). This first fusion protein should be viewed as a model 
system to answer the critical issues mentioned above. The fusion protein was ge-
netically generated linking CT-Al to DD in a plasmid vector under the tryptophan 
promotor (Lowenadler and Lycke, 1994). The CT-Al-DD fusion protein was ex-
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FIGURE 5. A novel targeted adjuvant. A gene fusion protein was constructed which has the enzy-
matic CT-Al-moiety linked to the Ig-binding domain, DD, of Staphylococcus protein A. The protein 
is specifically targeted to B cells and interacts with the cells via the Ig receptor, avoiding the classical 
CT ganglioside GMl receptor. 

pressed in E. coli and recovered from intracellular inclusions. Because of the 
strong interaction of DD with immunoglobulin, one great advantage of the choice 
of carrier molecule was the ability to affinity purify the fusion protein on soHd-
phase IgG-sepharose gel columns (Ljungberg et al, 1993). This highly efficient 
purification step also allows for industrial exploitation of the CT-Al-DD gene 
fusion proteins. The chemical characterization of the fusion protein revealed that 
it was of expected size and reacted with CT-Al epitope-specific monoclonal anti-
bodies. The solubility of the protein in neutral pH was reduced as compared to 
that seen in acidic pH. 

To test whether the CT-Al-DD fusion protein was enzymatically active and 
provided adjuvant function on immune responses to unrelated protein antigens, a 
series of assay systems were established. The ADP-ribosyltransferase activity of 
the molecule was assessed using the NADiagmatine assay (Rappuoli and Pizza, 
1991). As illustrated in Fig. 4, the construct demonstrated linear dose-response 
activity in this assay and at best gave 15-25% activity compared to an equimolar 
dose of whole CT. This result could in part be attributed to the reduced solubility 
of the CT-Al-DD molecule in neutral or higher pH, which were required for the 
optimal performance of the NADiagmatine assay (Tsuji et al, 1990). Nevertheless, 
the CT-Al-DD molecule exhibited substantial ADP-ribosylating activity. For com-
parison we introduced a single-amino acid point mutation in the targeted fusion 
protein at position Asp^op of CT-Al. This molecule was found to exert poor ADP-
ribosyltransferase activity and was used as a negative control (Fig. 4). 

Intravenous or intraperitoneal injections to C57B1/6 mice with KLH together 
with CT-Al-DD were performed to investigate if the CT-Al-DD construct could 
enhance the serum anti-KLH response. As shown in Fig. 5, the CT-Al-DD con-
struct significantly increased the serum anti-KLH response as compared to KLH 
given alone, suggesting that, indeed, CT-Al-DD acted as an adjuvant. The aug-
mentation of anti-KLH serum responses was comparable to that observed with CT 
adjuvant. By contrast, no effect was seen with the enzymatically inactive mutated 
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FIGURE 4. The ADP-ribosyltransferase activity of CT-Al-DD. The NAD:agmatine assay was used 
to determine ADP-ribosyltransferase activity. CT, CT-Al-DD, or mutant CT-Al-DD (Aspl09) was 
added in various concentrations as indicated. One representative experiment of five. 

CT-Al-DD control (Fig. 3). Subclass analysis of anti-KLH serum antibodies re-
vealed upregulated responses in all IgG-subclasses, similar to that seen with CT 
adjuvant and no evidence for a selective effect of CT-Al-DD on the Thl or Th2 
CD4^ T-cell subsets. Next we tested intranasal immunizations and found that the 
CT-Al-DD construct, similar to CT, augmented serum IgG as well as local IgA 
responses against KLH. These results support our concept of a targeted action of 
an ADP-ribosylating molecule as a good working hypothesis for an effective vac-
cine adjuvant. Further studies to explore the cellular and molecular requirements 
for the action of this novel targeted CT-Al-DD adjuvant are warranted. 

Finally, to our satisfaction we noted that CT-Al-DD was nontoxic. Thus, we 
could inject CT-Al-DD in high doses iv (up to 100 ^tg/dose) with no demonstrable 

a-KLH 
Iog10-titers 

CTA1DD CTA1DD 
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FIGURE 5. Semm responses following ip injections with KLH admixed with CT-Al-DD adjuvant. 
Mice were given two ip doses with 100 fig of KLH plus adjuvant and 7 days after the last dose serum 
was collected and analyzed for KLH-specific total Ig-antibody log^o titers. The response to antigen 
alone, KLH, was compared to that with 1 fig CT_ 20 fig CT-Al-DD, or 20 [ig mutant CT-Al-DD 
added as adjuvant to each dose. This experiment is one of three giving similar results. 
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effect on the mice, and a negative ligated loop test detecting cAMP-induced fluid 
accumulation/diarrhea. In contrast to CT the CT-Al-DD molecule did not stimu-
late cAMP in thymocytes, which were used as indicator cells of the ganglioside 
GMl-receptor pathway. So far CT-Al-DD appears to be a completely nontoxic, 
but enzymatically active molecule, which has significant immunoenhancing effects 
in vivo. 

III. C O N C L U D I N G REMARKS 

We have shown that it is possible to separate the toxic effects of CT from its 
potent adjuvant effects by genetically constructing fusion proteins with the CT-Al 
moiety targeted to primarily B cells but possibly also to other antigen-presenting 
cells. By avoiding the CT-B-GMl-ganglioside receptor pathway, we now have an 
adjuvant system which appears to lack completely enterotoxic or other cytotoxic 
effects. Although having less capacity for ADP ribosylation as compared to CT, it 
still was able to enhance serum antibody responses to a similar degree as the intact 
CT. This effect required the ADP-ribosylating property of CT-Al-DD because a 
mutant CT-Al-DD (Asp 109) with poor enzymatic activity completely failed to aug-
ment the immune response. Thus, our data provide strong evidence to suggest that 
ADP ribosylation is the key to the adjuvant function of CT. Even mucosal immune 
responses, i.e., after intranasal immunization, were found to be upregulated in 
response to CT-Al-DD adjuvant. However, a more critical evaluation of the muco-
sal adjuvant function after oral administration is still in progress. Also, we are 
exploring the characteristics of this novel immunomodulator with regard to its 
actions on the different cytokines and cellular subpopulations that have been found 
to be affected by intact holotoxin. In particular, more information on the action of 
CT-Al-DD on B cells and the effect on signal transduction, antigen-presentation, 
and costimulation due to Ig-receptor interaction is much needed. 

Despite the last few years of intense work describing the immunomodulating 
function of CT and its B subunit, no study has revealed conclusively a factor or a 
subpopulation of cells that on its own can be made responsible for the adjuvant 
effect in vivo. Rather, a multifactorial picture emerges of CT as an adjuvant where 
several events involved in the development and maintenance of an immune re-
sponse are affected by the toxin. However, we beUeve that many of the recently 
debated theories for the adjuvant function have proven wrong. For example, that 
CDS"^ T cells are operational for the adjuvant effect or that CT selectively pro-
motes Th2 cells have clearly been disputed in our recent studies using normal and 
gene knockout mice. Furthermore, our studies in gene knockout mice have clearly 
demonstrated that no single cytokine has, as yet, been found indispensible for the 
adjuvant function. In fact, CT appears to act independently of IL-4 or Th2 cells as 
shown in IL-4"̂ " mice. Also, we recently found that neither IFN7 nor IL-6 are 
critically required for an adjuvant function of CT. Information gained in the CT-
Al-DD project may be interpreted to suggest that B cells are the crucial target 
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population for CT's adjuvant effect in the context of soluble protein antigens. We, 
therefore, propose that CT acts as an adjuvant by stimulating B cells to effectively 
function as antigen-presenting cells for naive as well as secondary 004"^ T cells. 
The reason why CT-B is not as effective as CT, and does not act as an adjuvant 
but rather as a carrier molecule, is the fact that it fails to affect costimulation. 
Upregulation of B-7 molecules, as shown in the present chapter, may be the key 
factor responsible for the adjuvant function of CT in vivo. This hypothesis is cur-
rently being investigated in our laboratory. 
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role, 185-192 
yd T-cell production, 185-186 
grafting and reconstitution procedures, 184 
intestine as surrogate thymus, 191-192 
intrathymic positive selection of lEL precur-

sors, 185-187 
in nude vs. ATXBM mice, 188-190 
T cells from bone marrow precursors, 190-

192 
mast cells, 349-350 
mucosal B cells 

cytokine roles, in vitro and in vivo studies, 
248-249 

IgA inmiunity in Th-2 cytokine-deficient 
mice, 255-256 

IL-4 deficiency effects, 250-251 
IL-5 deficiency effects, 251-252 
IL-6 deficiency effects, 252-255 

Diabetes type I, oral tolerance therapy, 559 
Diarrhea 

cholera-^. co//-related, live bivalent vaccine, 
517-518 

enterotoxigenic E. co//-related, vaccine, 491-
492 

Egg-specific antigen ZP3, expression by recombi-
nant avirulent Salmonella typhimurium, 506 

Endocytosis, clathrin-mediated, of polymeric im-
munoglobulin receptor, 160 

Endosomes, apical compartments, role in indirect 
transcytosis, 162 

Endothelial cells 
human microvascular lung, adhesion molecule 

expression, 413 
human umbiUcal vein, adhesion molecule ex-

pression, 413 
Enkephaline, distribution in gastrointestinal mu-

cosa, 126 
Entamoeba histolytica, effect on cytokine produc-

tion by colon epithelial cells, 67-68 
Enterocolitis, see also Colitis 

absence in germ-free rodents, 308-309 
experimental models, 309 

Eosinophil cationic protein, in respiratory syncy-
tial virus-associated disease, 406 

Eosinophils 
respiratory syncytial virus interaction, 407 
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survival in RSV-infected medium, 414-416 
Epidermal growth factor, promotion of epithelial 

restitution, 104 
Epimorphin, expression by intestinal mesenchy-

mal cells, 113-114 
Epithelial cells 

airway, RSV-infected 
cytokine functions, 412^16 
cytokine production, 410-412 

cervical, HIV nonspecific entry, 439 
colon 

adhesion molecule expression after microbial 
invasion, 69-70 

proinflanmiatory cytokine production 
characterization, 64-65 
cytolytic pathogen effects, 67-68 
pathogenic bacteria effects, 64-67, 65-66 

HLA class II expression, 439 
hypoproliferation in HIV infection, 430 
immune barrier function against HIV, 442 
intestinal, see Intestinal epitheUal cells 

Epithelial integrity, trefoil peptides role, 105-108 
Escherichia coli 

mucosal-oral vaccine against enterotoxigenic 
diarrhea, 491-492 

P-fimbriated 
activation of ceramide signaling pathway, 

75-77 
invasion of uroepithelial cells, 77-78 

Extracellular matrix 
components in developing and mature gut, 115 
remodeling in IBD, 119-120 

Fc receptors, for IgG 
cloned human homolog, 90-91 
functional expression, 90 
HIV infection mechanism, 438-439 
structure, 90 

Fibroblast growth factor, effects on intestinal epi-
thelial restitution, 104 

Follicle-associated epithelium 
induction by transfer of Peyer's patch lympho-

cytes, 41 
intermediate phenotypes between enterocytes 

and M cells, 40 
M cells, 30 
Peyer's patch, see Peyer's patch 
properties, induction in situ, 42 
vimentin expression, 38 

Follicular dendritic cells, intestinal, VIP receptor 
expression, 129-131 

Fowlpoxvirus, vaccine vector for IL-6 delivery, 
258-259 

Fusion proteins, see Gene fusion proteins 

G 
gag p27, IgA and IgG antibody responses, 442 
Galactosyl cerebroside, HIV binding, 438 
Gastrin, distribution in gastrointestinal mucosa, 

126 
Gene fusion proteins 

for oral vaccines, 493 
targeted CTAl-DD with adjuvant actions, 573-

576 
Genes 

cagA, 384 
picA and picB, 384-385 
vacA 

characteristics, 382 
diversity, 383 

gpl20, IgA and IgG antibody responses, 442 
gpl80, role in mucosal immune response regula-

tion, 57-58 
Grafting, thymus role in intestinal epithelial cell 

development, 185-192 
Granulocyte-macrophage colony-stimulating fac-

tor, release by RSV-infected epithelial cells, 
412-413 

Granulocytes, migration in inflammatory bowel 
disease, 324-325 

Growth factors 
effects on intestinal epithelial restitution, 104 
produced by RSV-infected epithelial cells, 412-

413 
Growth hormone, effect on macrophage functions, 

131 

H 
Heat-labile toxin, as mucosal adjuvant for Helico-

bacter pylori immunizations, 395-397 
Helicobacter pylori infection 

antibody response after oral immunization, 
394-395 

anii-Helicobacter immune response, 393 
CagA protein 

gene encoding, 384 
identification, 383-384 
and inflammation, 384 



586 Index 

Helicobacter pylori infection (continued) 
clinical outcomes, 380-381, 398-399 
immunizations 

antibody responses in inmiunized vs, infected 
animals, 395-397 

mucosal adjuvant effects, 395-397 
oral, protocol, 393 
therapeutic, ferret model, 394-395 

natural history, 380 
pathogenesis, 378, 392, 398 
persistence model, 379 
picA and picB genes, 384-385 
prophylactic and therapeutic vaccinations, 393 
strain differences, 381 
vacA gene 

characteristics, 382 
diversity, 383 

vacuolating cytotoxin, 381 
Hepatitis C virus, cytochrome P450 IID6 interac-

tion, 363-364 
Hepatocyte growth factor 

effects on intestinal epithelial restitution, 104 
scatter factor/hepatocyte growth factor detec-

tion in mesenchymal cells, 113-114 
Hepatocytes, cytochrome P450IID6 plasma mem-

brane expression, 361 
Hepatotropic viruses, cytochrome P450 IID6 in-

teraction, 363-364 
Histamine, in mast cells, 344 
Histamine-releasing factors, activation of mast 

cells, 343 
Homing receptors 

adhesion molecule functions, 271, 485 
characterization, 478 
expression by donor-derived lymphocytes in 

scid mice, 207-208 
lamina propria lymphocytes, 230-231 

HPA axis, see Hypothalamic-pituitary-adrenal axis 
Human immunodeficiency virus infection 

intestinal cellular immunity, 425-428 
manner of infection, 424 
mucosal, immune barriers, 440-442 

central circulating, 445 
epithelial surface, 442 
intraepithelial, 442 
regional lymph node, 443 
subepithelial, 442^43 

nonspecific entry into epitheUal cells, 439 
receptors 

CD4 glycoprotein, 437^38 
Fc receptors for IgG, 438^39 

galactosyl cerebroside or sulfatide, 438 
HLA class II role, 439 

target cells, 422-425 
Human leukocyte antigen 

HLA-B27/j82-nucroglobuHn transgenic rats, 310 
HLA class II expression on epithelial cells, 

439 
HLA-DM role in peptide loading, 11 

Humoral immunity 
after immunization with attenuated Salmonella 

antigen dose determinants, 529-532 
anti-lipopolysaccharide IgG and IgA re-

sponses, 522-523 
degree of bacterial attenuation effects, 525-

529 
repeated-use-of-carrier effects, 523-526 
strain viabiHty effects, 529-532 

intestinal, of HIV-infected patients, 428^29 
Hybridization in situ, IL-7 mRNA in human intes-

tinal epithelial cells, 282 
Hypothalamic-pituitary-adrenal axis 

and intestinal epithelial cells, 133 
and intestinal leukocytes, 132-133 

I 
Immune complexes, transport across epithelial 

monolayers, 145-147 
Immune response 

active cellular suppression, 557-558 
cellular 

to cytochrome P450 IID6, 361-362 
in Helicobacter-associaiQd disease, 399-

400 
compartmentaHzation, 480-482 
contraceptive vaccines, 506 
in Helicobacter-immunized vs. infected ani-

mals, 395-399 
humoral, after immunization with attenuated 

Salmonella, 522-523 
antigen dose effects, 529-532 
degree of attenuation effects, 525-529 
nature of attenuation effects, 525-529 
strain viability effects, 529-532 

IgA responses in cytokine gene knockout mice 
IFNy -̂ mice, 465-467 
IL-4 deficiency, 250-251 
IL-4-̂ - mice, 467^68 
IL-5 deficiency, 251-252 
mucosal vaccinations, 255-259 
summary, 255-256 



Index 587 

IgG, in IBD, 322-323 
to inhaled antigen, CDS "̂  T-cell regulation, 50-

51 
intestinal 

of HIV-infected patients, 428-429 
HPA axis role, 132-133 
in infantile enteropathy, 135-136 
in inflammatory bowel disease, 133-135 

against live challenge with SIV, 440 
M-cell surface glycoconjugates, 32 
neurohormonal regulation 

endocrine cells, 127-129 
HPA axis effects, 132-133 
infantile enteropathy, 135-136 
inflammatory bowel disease, 133-135 
nerve networks, 125-127 
neuropeptide receptors, 129-132 

reproductive tract, 505-506 
to ubiquitous bacteria and bacterial compo-

nents, 315 
Inraiune system, common mucosal, 479^80 
Immunization 

immunological memory, cholera toxin effects, 

571-573 
sites, and M-cell surface glycoconjugates, 32 
systemic, with inactivated SIV, 440 

Inmiunization, oral 
for Helicobacter pylori infection, 393 

antibody responses in immunized vs. infected 
animals, 395-397 

ferret model, 394-395 
mucosal adjuvant effects, 395-397 
oral protocol, 393 

recombinant avirulent Salmonella typhimurium 
vectors, 502-503 

effects on T-helper subsets and B-cell re-
sponses, 465^66 

multiple mutatiop effects on carrier efficacy, 
518-521 

repeated use effects on carrier efficacy, 523-
526 

strategies using attenuated bacterial mutants, 
514 

tetanus toxoid with CT adjuvant, 464-465 
Inmiunoglobulin A (IgA) 

antibody response 
anti-lipopolysaccharide after immunization 

with Salmonella mutants, 522-523 
to gag p27, 442 
generalized, induction, 478-480 
to gpl20, 442 

intraepithelial neutralization of viruses, 143-
145 

to oral inununization with recombinant Sal-
monella typhimurium, 465-466 

to oral inmiunization with tetanus toxin and 
CT adjuvant, 464 

polymeric to p27, 442 
regulation by yd T cells, 200-202 
vaccine-induced in IFNy'^' mice, 465-467 

excretory fiinction, 145-147 
in intestinal fluids of HIV-infected patients, 

428^29 
role in mucosal defense, 3-tiered system, 147-

148 
Immunoglobulin E (IgE) 

antibody response 
to inhaled antigen, CD8^ T-cell regulation, 

50-51 
to oral inmiunization with tetanus toxin and 

CT adjuvant, 464 
in respiratory syncytial virus infection, 405-

406 
receptors on mast cells, 342 
synthesis, induction by mast cells, 350 

Immunoglobulin G (IgG) 
altered secretion in IBD, 322-323 
antibody response 

anti-lipopolysaccharide after inununization 
with Salmonella mutants, 522-523 

to oral inmiunization with recombinant Sal-
monella typhimurium, 465^66 

to oral immunization with tetanus toxin and 
CT adjuvant, 464 

to SIV gag p27 and gpl20, 442 
in intestinal fluids of HIV-infected patients, 

428-429 
secretion by peripheral blood mononuclear cells 

in IBD, 322-323 
Inmiunoglobulin receptor, polymeric 

basolateral sorting, 159-160 
cleavage to secretory component, 157-158 
complementary determining regions, 155-156 
endocytosis, 160 
and indirect transcytosis, 162 
intracellular transport, 158-159 
intracellular transport in epithelial cells, 152-

153 
ligand binding, 154-157 
postendocytic sorting, 161-162 
primary structure, 152-154 
transmembrane domain, 158 
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Immunoglobulins 
Fc portion receptors, see Fc receptors 
in intestinal lamina propria of HIV-infected pa-

tients, 428-429 
synthesis/secretion in IBD, 322-323 

Immunohistochemistry 
IL-7 protein expression in intestinal epithelial 

cells, 283 
VIP receptor localization in adult and neonatal 

small intestine, 130 
Infantile enteropathy, neuroendocrine system ab-

normalities in, 135-136 
Inflammation 

bowel, cytokine production by lamina propria 
lymphocytes, 233-234 

chronic, chemokines in, 333 
experimental colitis 

chronic, immunological mediation, 315 
chronicity, 314-315 
immune responses to, 315 
induction with purified bacterial products, 

312-313 
prevention with antibiotics, 310-311 

intestinal 
mucosal uptake of normal bacterial flora and 

bacterial products, 308-309 
and neurohormonal regulatory abnormalities, 

133-136 
respiratory mucosa, dendritic cell response, 48 
systemic 

chronic, immunological mediation, 315 
dynamic interactions, proinflanmiatory fac-

tors-mucosal protective forces, 316 
induction with purified bacterial products, 

312-313 
induction by small-bowel bacterial over-

growth, 311-312 
prevention with antibiotics, 310-311 

urinary tract mucosa, role in urinary tract infec-
tion clearance, 80-81 

Inflammatory bowel disease 
CD8+ T cell-mediated cytotoxicity, 297-298 
complement activation in, 323-324 
extracellular matrix remodeling, 119-120 
failure of activation-induced cell death mecha-

nism, 300 
failure of systemic immunoregulation in, 300-

301 
granulocyte migration, 324-325 
IL-4 effects, 299 
IL-7 role, 285-287 

IL-10 effects, 299-300 
immunoglobulin synthesis and secretion, 322-

323 
interferon y production effects, 297 
macrophage function, 324-325 
neuroendocrine system abnormahties in, 133-

135 
proinflammatory cytokines in, 325-326 
TCRyS-^ T cells in, 296 
Thl vs. Th2 T-cell responses, 294-296 

Integrins 
Q;4i87, 268 
aE^ (CD103), 269-270 
avidity for ligands, 267 
function in adhesion, 267 
LFA-1 (CDlla/CD18), 267-268 
in signal transduction, 267 
VLA-4 (CD49d/CD29), 268 

Intercellular adhesion molecule-1 
characterization, 266 
expression on colon epithelial cells after micro-

bial invasion, 69-70 
expression on urinary tract epithelial cells, 80-81 
respiratory syncytial virus infection effects on 

expression in A549 ceUs, 412-413 
Intercellular adhesion molecule-3, characteriza-

tion, 266 
Interferon y 

effect on epithelial cell cytokine response to 
Escherichia coli, 78-79 

excessive production in IBD, 297 
production after oral inmiunization 

with recombinant Salmonella typhimurium, 
465-466 

with tetanus toxin with CT adjuvant, 464 
promotion of epithelial restitution, 104 
regulation of CD Id surface expression, 93 
role in vaccine-induced IgA response, 465^67 

Interleukin-la 
in cell lysates, role in stimulating IL-8 secretion, 

68-69 
production in A549 cells after RSV infection, 

411^12 
Interleukin-lj8 

production in A549 cells after RSV infection, 
411-412 

promotion of epithelial restitution, 104 
role in IBD, 325-326 

Interleukin-2 
induction of DNA replication in yd T cells, 

198-199 
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production after oral immunization 
with recombinant Salmonella typhimurium, 

465-^66 
with tetanus toxin with CT adjuvant, 464 

receptor expression 
by yd T cells, 197-198 
on human intestinal epithelial cells, 103 
on lamina propria lymphocytes, 229 

sources for yd T cells, 199-200 
Interleukin-4 

effect on epithelial cell cytokine response to 
Escherichia coli, 78-79 

knockout mice, mucosal immune responses in, 
250-251, 467^68 

production after oral inmiunization with tetanus 
toxin with CT adjuvant, 464 

receptor expression on intestinal epithelial cells, 
103 

role in IBD, 299 
Interleukin-5 

knockout mice, mucosal immune responses in, 
251-252 

production after oral immunization with tetanus 
toxin with CT adjuvant, 464 

Interleukin-6 
delivery with recombinant fowlpoxvirus, 258-

259 
knockout mice, mucosal inmiune responses in, 

252-255 
production in A549 cells after RSV infection, 

411-412 
role in IBD, 325-326 
as vaccine adjuvant, 255-257 

Interleukin-7 
in IBD, 285-287 
induction of DNA replication in yd T cells, 

198-199 
mRNA expression in normal intestinal epithelial 

cells, 281-282 
receptor expression 

by yd T cells, 197-198 
on intestinal epithelial cells, 103 
on intestinal mucosal lymphocyte cell sur-

face, 283-285 
regulation of mucosal lymphocyte proliferation, 

285-286 
regulation of peripheral T cells, 280-281 
sources for yd T cells, 199-200 

Interleukin-8 
agonist-induced expression in human colon epi-

thelial cells, 65 

production, host cell lysis-associated, 68 
IL-la effects, 68-69 

receptors for, 330 
role in ulcerative colitis and Crohn's disease, 

331-334 
Interleukin-9, receptor expression on intestinal ep-

itheUal cells, 103 
Interleukin-10 

production after oral inmiunization with recom-
binant Salmonella typhimurium, 465-466 

role in IBD, 299-300 
Interleukin-12, macrophage mRNA production 

after oral inmiunization with viable attenu-
ated or killed Salmonella 

4 hr postinfection, 534-535 
24 hr postinfection, 538-539 
quantification, 535-537 
survival, 533-534 

Intestinal epithelial cells 
as antigen-presenting cells, 56 
CDl 

cytokine regulation, 92-93 
gene family, 92 
intracellular form, 94-95 
as ligand for CD8+ T cells, 93 
structure, 94 
transcription, 95 

communications network, 64 
FcRn receptors, see Fc receptors 
functional IL-2 receptors (IEC-6 cells), 103 
HIV nonspecific entry via, 439 
human colon 

adhesion molecule expression after microbial 
invasion, 69-70 

proinflammatory cytokine production 
characterization, 64-65 
cytolytic pathogen effects, 67-68 
pathogenic bacteria effects, 64-65, 65-67 

IL-7 mRNA expression and protein production, 
281-282 

immune response, HPA axis effects, 133 
mesenchymal-epithelial interactions 

inductive, 112-113 
interface morphology, 112 
permissive, 112-113 

preferential activation of CD8'^ suppressor T 
cells, 56 

regulation of lamina propria lymphocytes, 237-
239 

Intestinal intraepithelial lymphocytes, thymus role 
in development, 185-192 
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Intestinal intraepithelial lymphocytes (continued) 
yd T-cell production, 185-186 
grafting and reconstitution procedures, 184 
intestine as surrogate thymus, 191-192 
intrathymic positive selection of lEL precursors, 

185-187 
in nude vs. ATXBM mice, 188-190 
T cells from bone marrow precursors, 190-192 

Intestinal mesenchymal cells 
effects on intestinal development and differenti-

ation, 114 
epimorphin expression, 113-114 
scatter factor/hepatocyte growth factor detec-

tion, 113-114 
Intestinal mucosa 

endocrine cells, 127-129 
in HIV infection 

cellular immunity, 425-428 
humoral immunity, 428^29 
structure and function, altered immune sys-

tem effects, 429-431 
immune response 

HPA axis role, 132-133 
in infantile enteropathy, 135-136 
in inflammatory bowel disease, 133-135 

injury, effects of cytokines and peptide growth 
factors, 104 

nerve networks, 125-127 
neuropeptide receptors on inmiunocytes, 129-

132 
Intestinal trefoil factors, protective effects at epi-

thelial lumenal surface, 105-108 
Intestine, as surrogate thymus, 191-192 
Intraepithelial lymphocytes 

activation, by adhesion molecules, 273-274 
donor-derived in scid mice 

CDS acquisition by CD4+ T cells, 208-209 
expression of homing receptors and activa-

tion markers, 207-208 
double-positive 

class I molecule requirements, 221 
donor-derived in scid mice, 208-209 

functions, role of adhesion molecules, 273-274 
yd T cells, see T cells, yd cells 
intestinal, thymus role in development, 185-

192 
yd T-cell production, 185-186 
grafting and reconstitution procedures, 184 
intestine as surrogate thymus, 191-192 
intrathymic positive selection of lEL precur-

sors, 185-187 

in nude vs. ATXBM mice, 188-190 
T cells from bone marrow precursors, 190-

192 
phenotypic markers, 228 
TCR a)8+, CD8 + , TAP requirements, 220-221 

Isotype-switch differentiation, cholera toxin ef-
fects, 571 

K 
Keratinocyte growth factor, effects on intestinal 

epithelial restitution, 104 
Knockout mice 

CD8" '̂, cholera toxin adjuvant effects, 569 
cytokine gene-deficient 

generation, 249-250 
IL-4 deficiency effects on B cell develop-

ment, 250-251 
IL-5 deficiency effects on B cell develop-

ment, 251-252 
IL-6 deficiency effects on B cell develop-

ment, 252-255 
phenotypic analysis, 249-250 

mucosal immunity 
IFNy- studies, 465-467 
IL-4-/- studies, 467-468 

L 
Lamina propria 

antigens, combining with IgA, 145-146 
lymphocytes 

activation by adhesion molecules, 271-273 
activation markers, 229-230 
activation pathways, 234-237 
B-cell helper effects, 232 
B cell-T cell interactions, 235-237 
cytokine production 

characterization, 231-233 
under inflammatory bowel conditions, 

233-234 
homing, 230-231 
phenotype, 228-229 
regulation by intestinal epithelial cells, 237-

239 
VIP receptor expression, 129-131 

Laminin, isoforms expressed in gut basement 
membrane, 115 

LDHC4 sperm-specific antigen, expression by re-
combinant avirulent Salmonella typhimu-
rium, 506 
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Leukocytes 
destructive processes activated by chemokines, 

329 
intestinal, HPA axis activation effects, 132-

133 
Leukotrienes 

mucosal production in IBD, 326 
in respiratory syncytial virus infection, 406 

Ligand binding, polymeric immunoglobulin re-
ceptor, 154-157 

Liver, autoimmune disease, genetics, 362-363 
Liver-kidney-microsomal antibody 

type 1 
cytochrome P450 IID6 antigen, 360 
genetics of associated liver diseases, 362-363 
identification and characterization, 359 
inhibition of cytochrome P450IID6 function, 

360-361 
type 2, cytochrome P450IIC9 antigen, 364-365 
type 3, UDP-glucuronosyltransferase antigen, 

365-368 
Liver-microsomal antibodies 

characterization, 359 
cytochrome P450 IA2 antigen, 366 

LKM, see Liver-kidney-microsomal antibody 
L-selectin, see Selectins 
Lymph node 

immune barrier against HIV, 443 
lymphocytes transferred to scid mice, expres-

sion of homing receptors and activation 
markers, 207-208 

Lymphocyte activation antigen 4F2, expression on 
lamina propria lymphocytes, 229 

Lymphocyte function-related antigen-1 (LFA-1, 
CDlla/CD18), 267-268 

Lymphocytes, see also Intraepithelial lympho-
cytes; T cells 

homing, adhesion molecule functions, 271 
lamina propria 

activation markers, 229-230 
activation pathways, 234-237 
B-cell helper effects, 232 
B cell-T cell interactions, 235-237 
cytokine production, 231-233 
cytokine production under inflanmiatory 

bowel conditions, 233-234 
homing, 230-231 
phenotype, 228-229 
regulation by intestinal epithelial cells, 237-

239 
mucosal, IL-7 receptor expression, 283-285 

mucosal, proliferation, regulation by IL-7, 285-
286 

peripheral blood, phenotypic markers, 228 

M 
Macrophages, see also Pulmonary alveolar macro-

phages 
functions, neuropeptide effects, 131 
IL-12 mRNA production after oral immuniza-

tion with viable attenuated or killed Salmo-
nella typhimurium 

4 hr postinfection, 534-535 
24 hr postinfection, 538-539 
quantification, 535-537 
survival, 533-534 

immune barrier function against HIV, 442-
443 

intestinal, VIP receptor expression, 129-131 
migration in IBD, 324-325 
respiratory tract, suppression of T-cell prolifera-

tion, 49 
Major histocompatibility complex class I mole-

cules 
antigen presentation pathway, 4-5 
coevolution with transporter associated with an-

tigen processing, 5-6 
empty, 6 
function, 86 
peptide binding, 17-20 
peptide transport, 5-6 
structure, 86 
ubiquitination, 5 

Major histocompatibility complex class lb mole-
cules (nonclassical) 

absence of allelic polymorphism, 88 
CDl, see CDl molecules 
FcRn, see Fc receptors 
function, 88-89 
genes for, 85-87 
H2-M region, 15-16 
peptide binding, 17-20 
plasticity, 88 
Qa region-derived molecules, 14 
specialization, 88 
structure, 87 
tissue distribution, 88 
TL antigen, structure, 209-210 
Tla region-derived molecules, 14-15 
TL-TIO and T22 recognition by yb T-cell clone 

G8, 175-177 
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Major histocompatibility complex class II mole-
cules 

assembly, 7-8 
HLA-DM role, 11 
lE^, recognition by yd T-cell clone LBK5 

nonprotein antigens, 177-178 
peptide loading defect effects, 171-172 
peptide/MHC complex requirements, 170-

171 
receptor CDR4 length distributions, 178-179 
surface expression correlations, 172-173 

invariant chain 
class Il-associated peptides, 11 
endosomal targeting, 9-10 
functions, 7-8 
p31 and p33 forms, 8-9 

peptide binding, 17-20 
peptide loading, 10-13 

Mast cells 
activation 

antigen-specific T-cell pathway, 342-343 
histamine-releasing factors, 343 
IgE-dependent mechanisms, 342 
microbial toxins, 343-344 
neuropeptides, 343-344 
and weaning, 350-351 

cytokines 
characteristics, 345-347 
production and secretion, 347-348 

functions, 350-351 
mediators 

cytokines, 345-347 
histamine, 344 
proteinases, 344-345 

murine models, 351 
ontogeny, 349-350 

M cells 
epithelial origin, 3 8 ^ 0 
formation, experimental induction, 40-42 
GMl glycolipid, 31 
HIV uptake and transmission, 424, 438 
induction by transfer of Peyer's patch lympho-

cytes, 41 
local antigen uptake, 32 
membrane characterization, 30-31 
microorganism interactions, 32-33 
properties, 30 
regional inraiune responses, 32 
surface glycoconjugates, 32 
viUin cytosolic distribution, 3 8 ^ 0 
vimentin expression, 38 

MCP-1, see Monocyte chemoattractant protein-1 
Membrane secretory component, see Immuno-

globulin receptor, polymeric 
Memory, immunological, cholera toxin effects, 

571-573 
Messenger RNA 

chemokines, measurements for ongoing disease 
activity, 334 

IL-8, in mucosal sections, RT-PCR, 332 
IL-12, production after oral inmiunization with 

viable attenuated or killed Salmonella 
4 hr postinfection, 534-535 
24 hr postinfection, 538-539 
quantification, 535-537 
survival, 533-534 

MCP-1, in mucosal sections, RT-PCR, 332 
/32-MicroglobuUn, requirements for TL antigen 

and CDl expression, 219-220 
Microorganism transport, M cell interactions, 32-

33 
Monocyte chemoattractant protein-1 

gene for, 328 
receptor for, 330 
role in ulcerative coUtis and Crohn's disease, 

331-334 
Mucin glycoproteins, trefoil peptide-glycoprotein 

combinations, protective effects, 107 
Multiple sclerosis, phase-1 safety trials of oral 

tolerance, 550-551, 559 

N 
Natural killer T cells 

of HIV-infected patients, 426 
response to RSV infection, 451-452 

Nerve networks, intestinal mucosa, 125-127 
Nervous system, mucosal nerve networks, 125-

127 
Neuroendocrine system, intestinal 

abnormalities 
in infantile enteropathy, 135-136 
in inflanmiatory bowel disease, 133-135 

mucosal endocrine cells, 127-129 
nerve networks, 125-127 

Neurohormones, immune response regulation 
endocrine cells, 127-129 
HPA axis effects, 132-133 
infantile enteropathy, 135-136 
inflammatory bowel disease, 133-135 
nerve networks, 125-127 
neuropeptide receptors, 129-132 
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Neuropeptides 
mast cell activation, 343-344 
receptors on T and B lymphocytes, 131-

132 
Neurotensin 

distribution in gastrointestinal mucosa, 126 
effect on macrophage functions, 131 

Neutrophil colony-stimulating factor, release by 
RSV-infected epithelial cells, 412-413 

Neutrophils, chemoattractants secreted by uroepi-
theUal cells, 79-80 

o 
opioids, effect on macrophage functions, 131 
Oral tolerance 

bystander suppression, 549-550, 558-559 
cholera toxin effects, 494-495 
and cytokine secretion, 557-558 
delayed type hypersensitivity response, 557-

558 
dose effects, 545-547, 555-557 
enhancement with delivery systems or adju-

vants, 547-548 
induction 

parameters, 545 
sites, 544-545 

mechanisms, 545-546, 555-558 
and oral vaccines, 548 
partiality, 544 
specificity, 544 
temporal nature, 544 
as therapy for experimental autoimmune dis-

ease, 548-549, 559 
as therapy for human disease, 550-551 

multiple sclerosis, 550-551, 559 
rheumatoid arthritis, 550-551, 559 
safety trials, 550-551 
type I diabetes, 559 
uveoretinitis, 559 

Oxygen radicals, chemokine-stimulated produc-
tion, 329 

Pathogens, see also specific pathogen 
bacterial, stimulation of IL-8 secretion by hu-

man colon epithelial cells, 65-67 
cytolytic, upregulation of cytokine produc-

tion by human colon epithelial cells, 67-
68 

Peptide growth factors, effects on intestinal epi-
thelial restitution, 104 

Peripheral blood mononuclear cells, IgG secretion 
in inflammatory bowel disease, 322-323 

Peyer's patch, lymphocytes 
coculture effects on intestinal cells, 42 
transfer into intestinal ectopic sites, 41 

Plasmid vectors 
heat-labile enterotoxin oi Escherichia coli, 517-

518 
use with recombinant avirulent Salmonella anti-

gen delivery systems, 502-503 
Polymerase chain reaction, reverse transcription-

coupled 
yc, IL-2j8, IL-4, IL-7, and IL-9 receptors on 

intestinal epithelial cells, 103-104 
IL-8 mRNA and MCP-1 mRNA mucosal sec-

tions, 332 
Polymeric immunoglobulin receptor, see Immuno-

globulin receptor, polymeric 
Polynucleotide mucosal vaccines, 470-471 
Proliferation, epithelial, in HIV infection, 430 
Proteinases, in mast cells, 344-345 
P-selectin, see Selectins 

PspA protein, immunization with recombinant 
avirulent Salmonella typhimurium, 505-506 

Pulmonary alveolar macrophages 
functional phenotype, cytokine-mediated alter-

ations, 50 
T cell suppression 

characterization, 49 
in vivo role, 49-50 
mechanisms, 50 
reversibility, 49 

R 
Rectal mucosa, HIV infection, 439^40 
Reproductive tract, contraceptive vaccines, 506 
Respiratory burst, chemokine-stimulated, 329 
Respiratory syncytial virus infection 

basophil interactions, 407 
CD4"^ and CD8"^ cell-transfer experiments, 

454-455 
childhood infections, 450 
cytokine response, intracellular, 452-454 
cytokines produced by respiratory epithelium 

biological functions, 412-416 
chemokines, 410-411 
inflammatory/immunomodulatory, in A549 

cells, 411-^12 
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Respiratory syncytial vims infection (continued) 
eosinophils 

interactions, 407 
transendothelial migration, 409^10 

immunopathology, sensitization-related, 452 
inflammatory response, 405-407 
local cellular response, 451-452 
modulation of epithelial barrier function, 407-

408 
mouse model, 451 
virology, 450-451 

Restitution, intestinal epithelium 
cytokine effects, 104 
peptide growth factor effects, 104 
trefoil peptide effects, 105-108 

Rheumatoid arthritis, phase-1 safety trials of oral 
tolerance, 550-551, 559 

RT-PCR, see Polymerase chain reaction, reverse 
transcription-coupled 

Salmonella typhimurium 
attenuated mutants 

antigen dose effects on humoral response, 
529-532 

avirulent vector characterization, 501-502 
colonization, invasion, and persistence in tis-

sues, 521-522 
galE md aroA, 514-515 
humoral response after immunization, 522-

523 
repeated use effects on carrier efficacy, 523-

526 
strain viabihty effects, 529-532 
as vaccine vectors 

for cholera-i?. co/Z-related diarrheas, 517-
518 

effect of multiple mutations, 518-519 
for typhoid fever, 517-518 

attenuation 
attenuation strategies, 516 
effects on humoral immune response, 525-529 

avirulent vectors, recombinant 
antigen delivery systems, 502-504 
contraceptive vaccines using, 505-507 
oral immunization with iSalmonella-Tox C, 

465^66 
plasmid vectors for, 502-503 
vaccines for infectious diseases, 505-506 

live-attenuated or killed organisms, macrophage 
IL-12 mRNA response 

4 hr postinfection, 534-535 
24 hr postinfection, 538-539 
quantification, 535-537 
survival rates, 533-534 

Scatter factor/hepatocyte growth factor, detection 
in intestinal mesenchymal cells, 113-
114 

Secretory component, polymeric immunoglobulin 
receptor cleavage to, 157-158 

Selectins 
E-selectin, characterization, 264 
L-selectin 

characterization, 264 
expression on antibody-secreting cells in-

duced at different sites, 485 
expression by donor-derived lymphocytes in 

scid mice, 207-208 
P-selectin, characterization, 264 

Sensitization, to RSV proteins, 452 
Serotonin 

antigen-specific T-cell-mediated release, 342-
343 

distribution in gastrointestinal mucosa, 126 
Serpentine receptors, affinities and specificities, 

329-331 
Simian inmiunodeficiency virus, mucosal chal-

lenge, immunization effects, 440 
Soluble liver antigen, antibody identification, 368-

369 
Somatostatin, distribution in gastrointestinal mu-

cosa, 126 
Southern blotting 

IL-7 mRNA in normal human intestinal mu-
cosa, 281 

IL-7 receptor mRNA expression in lamina pro-
pria lymphocytes, 284 

SPIO sperm-specific antigen, expression by re-
combinant avirulent Salmonella typhimu-
rium, 506 

Sperm-specific antigen LDHC4, expression by re-
combinant avirulent Salmonella typhimu-
rium, 506 

Sperm-specific antigen SPIO, expression by re-
combinant avirulent Salmonella typhimu-
rium, 506 

Spleen, lymphocytes transferred to scid mice, ex-
pression of homing receptors and activation 
markers, 207-208 
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Stem cell factor, effect on mast cell TNFa release, 
347 

Steroids, inhaled, dendritic cell response, 48 
Streptococci, oral, vaccines using recombinant 

avirulent Salmonella typhimurium, 505-506 
Streptococcus-pneumoniae PspA protein, immuni-

zation with recombinant avirulent Salmonella 
typhimurium, 505-506 

Substance P 
distribution in gastrointestinal mucosa, 126 
effect on macrophage functions, 131 

TAP, see Transporter for antigen processing 
T cells 

CDl autoreactive, 218-219 
CD4+ 

cell-transfer experiments in RSV-infected 
mice, 454-455 

immune barrier against HIV, 442-443 
in intestinal mucosa of HIV-infected patients, 

426 
priming, cholera toxin adjuvant effects, 569-

570 
CD8 + 

CDld ligands, 93-94 
cell-transfer experiments in RSV-infected 

mice, 454-455 
immune barrier against HIV, 442-443 
in intestinal mucosa of HIV-infected patients, 

425-426 
preferential activation by intestinal epithelial 

cells, 56 
cholera toxin effects in vitro, 569 
cytochrome P450IID6 antigen-specific prolifer-

ation, 361-362 
cytokine secretion without proliferation, 49 
y8 T cells 

cytokine-cytokine receptor interactions, 195-
197 

IL-2 receptor expression, 197-198 
IL-2 sources, 199-200 
IL-7 receptor expression, 197-198 
IL-7 sources, 199-200 
in immune response to inhaled antigen, 51 
induction of DNA replication by IL-2 and 

IL-7, 198-199 
in inflanmiatory bowel disease, 296 

Hgand recognition 
comparison with IE^-aj8 T cell interac-

tions, 173-175, 180 
effects of peptide loading pathway defects, 

171-172 
lE^ immunopurified molecules, 175 
lE^ surface expression correlations, 172-

173 
nonprotein antigens, 177-178 
peptide/MHC complex requirements, 170-

171 
receptor CDR3 length distributions, 178-

179 
TL-TIO and T22 nonclassical MHC mole-

cules by G8, 175-177 
regulation of IgA responses, 200-202 

HIV infection, 424 
migration into gut epithelium, adhesion mole-

cule role, 271 
natural killer cells 

intestinal mucosa of HIV-infected patients, 
426 

response to RSV infection, 451^52 
neuropeptide receptors, 131-132 
peripheral, regulation by IL-7, 280-281 
priming and differentiation, cholera toxin-re-

lated, 568-571 
proliferation, suppression by pulmonary alveo-

lar macrophages 
characterization, 49 
in vivo role, 49-50 
mechanisms, 50 
reversibility, 49 

receptor types in RSV infection, 451^52 
Thl - and Th2-type subsets 

after oral inmiunization with recombinant 
Salmonella typhimurium, 465^66 

after oral immunization with tetanus toxin 
and CT adjuvant, 464-465 

response to inflammatory bowel disease, 
294-296 

Tetanus toxin, with CT adjuvant, oral immuniza-
tion with, 464-465 

Thymus, role in intestinal epithelial cell develop-
ment, 185-192 

Thymus leukemia antigen 
expression, j82-microglobulin requirements, 

219-220 
role in mucosal immune system, 212-215 
structure, 209-220 
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Thymus leukemia antigen (continued) 
surface expression without transporter for anti-

gen processing, 210-212 
TL antigen, see Thymus leukemia antigen 
Tolerance, inhaled antigen, cytokine responses, 51 
Toxins, see also specific toxin 

microbial, mast cell activation, 343-344 
Transcytosis, indirect, via apical endosomal com-

partments, 162 
Transferrin receptors, expression on lamina pro-

pria lymphocytes, 229 
Transforming growth factor j8, production in epi-

thelial cells after mucosal injury, 104 
Transgenes, delivery to respiratory epithelia with 

live attenuated adenovirus vectors, 468-
470 

Transgenic models 

HLA-B27/jS2-microglobulin rats, 310 
IL-2 and IL-10 knockout mice, 310 
tge28 mice, coHtis in, 292-294 

Transmembrane secretory component, see Immu-
noglobulin receptor, polymeric 

Transporter associated with antigen processing 
complexes, function in antigen presentation, 
5-6 

Transporter for antigen processing 
requirements for classical class I molecules, 

210-211 
TL antigen and CDl expression in cells lacking, 

211-212 
Trefoil peptides, protective effects 

at epithelial lumenal surface, 105-108 
mucin glycoprotein-peptide combinations, 107 

Tumor necrosis factor-a 
mast cell, inhibition by anti-allergic and anti-

inflammatory drugs, 348-349 
production in A549 cells after RSV infection, 

411-412 
role in IBD, 325-326 

u 
Ubiquitination, by class I MHC molecules, 5 
UDP-glucuronosyltransferase, LKM-3 autoanti-

body, 365-368 
Ulcerative colitis 

cytokine production by lamina propria lympho-
cytes, 233-234 

IL-8 role in, 331-334 
monocyte chemoattractant protein-1 role in, 

331-334 

Urinary tract 
cytokine response to P-fimbriated Escherichia 

coli, 75-77 
infection clearance, neutrophil role, 80-81 

Uroepithelial cells 
cytokine response to P-fimbriated Escherichia 

coli, 75-77 
invasion by P-fimbriated Escherichia coli, 11-

78 
secretion of neutrophil chemoattractants, 79-80 

Uveoretinitis, oral tolerance therapy, 559 

V 
Vaccinations 

fowlpoxvirus vectors, 258-259 
IL-6 as adjuvant, 255-257 
vaccinia virus vectors, 257-258 

Vaccinia virus, vector safety, 257-258 
Vaccines, DNA, 470-471 
Vaccines, oral 

Adts-lacZ vectors for transgene delivery to 
respiratory epithelium, 468-470 

against autoimmune and allergic diseases, 494-
495 

cholera 
B-01/0139WC, 491 
B subunit-whole cell, 490 
CVD 103-HgR, 490-491 

enterotoxigenic Escherichia coli diarrhea, 491-
492 

gene fusion proteins, 493 
live vectors, 493 
recombinant avirulent Salmonella typhimurium 

vectors, 502-503 
contraceptive, 505-507 
effects on T-helper subsets and B-cell re-

sponses, 465-4^66 
multiple mutation effects on carrier efficacy, 

518-521 
prevention of infectious diseases, 505-506 
repeated use effects on carrier efficacy, 523-

526 
targeted CTAl-DD fusion proteins with adju-

vant actions, 573-576 
Vasoactive intestinal peptide 

distribution in gastrointestinal mucosa, 126 
effect on macrophage functions, 131 
receptor expression on macrophages and follic-

ular dendritic cells, 129-131 
ViUin, M cells, cytosoUc distribution, 38-40 
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Villous atrophy, in small intestine of HIV-infected 
patients, 429^30 

VIP, see Vasoactive intestinal peptide 
Viruses, see also specific virus 

antigen delivery systems, safety, 507-508 
intraepithelial neutralization by IgA antibodies, 

143-145 
M cell interactions, 32-33 

W 
Western blotting, CD Id transcription in human 

intestinal epithelial cells, 95-96 

ZP3 egg-specific antigen, expression by recombi-
nant avirulent Salmonella typhimurium, 506 
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