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ar Neurology, Charité-Universitaetsmedizin Berlin, 10117 Berlin,
Molecular Medicine, 13125 Berlin, Germany
Els
ts

Ge
2

2. E
xperimental Autoimmune Encephalomyelitis as

a Model for MS
 3
3. C
urrent Knowledge About Induction and

Perseveration of Chronic Neuroinflammation
 5
3.1.
 G
eneral considerations
 5
3.2.
 C
D4þ T helper cells in

chronic neuroinflammation
 5
3.3.
 C
D8þ T cells in neuroinflammation:

A never-ending controversy
 15
3.4.
 B
 cells and antibody-mediated immune

responses in chronic neuroinflammation
 17
4. T
herapeutic Approaches to

Chronic Neuroinflammation
 20
4.1.
 G
eneral considerations
 20
4.2.
 C
urrent therapeutic concepts
 21
4.3.
 N
ew therapeutic concepts
 23
Ackn
owledgments
 29
Refe
rences
 29
evier Inc.
reserved.

rmany;

1



2 Volker Siffrin et al.
Abstract Understanding the immune response in the central nervous system
(CNS) is crucial for the development of new therapeutic concepts

in chronic neuroinflammation, which differs considerably from

other autoimmune diseases. Special immunologic properties of

inflammatory processes in the CNS, which is often referred to as an

immune privileged site, imply distinct features of CNS autoimmune

disease in terms of disease initiation, perpetuation, and therapeutic

accessibility. Furthermore, the CNS is a stress-sensitive organ with a

low capacity for self-renewal and is highly prone to bystander dam-

age caused byCNS inflammation. This leads to neuronal degeneration

that contributes considerably to the phenotype of the disease. In this

chapter, we discuss recent findings emphasizing the predominant role

of the adaptive immune system in the pathogenesis of chronic

neuroinflammation, that is, multiple sclerosis (MS) in patients and

experimental autoimmune encephalomyelitis (EAE) in rodents. In

addition, we report on efforts to translate these findings into clinical

practice with the aim of developing selective treatment regimens.
1. INTRODUCTION: MULTIPLE SCLEROSIS IS A
HETEROGENEOUS INFLAMMATORY DISEASE OF THE
NERVOUS SYSTEM

Multiple sclerosis (MS) is the most common chronic inflammatory disease
of the central nervous system (CNS) in the western world, and leads to
devastating disability in young adults with only limited treatment
options available so far. Early in the disease course, most patients suffer
from a relapsing-remitting course characterized by reversible neurologi-
cal dysfunctions, such as impaired vision, paralysis, ataxia, and sensory
deficits, and bladder, bowel, and sexual dysfunction. However, this phase
of the disease is highly variable between different patients with regard to
extent, duration, and clustering of the attacks. After ten years, about half
of those patients will have entered a period of silent deterioration, less
prominent attacks than in the first years after manifestation, and increas-
ing cumulative disability. This gradual deterioration affects about 90% of
MS patients after 20–25 years and typically comprises a decrease in lower
extremity function and decline in ambulation. The clinical syndrome is
caused by an autoimmune attack against themyelin sheath, histopathologi-
cally characterized by a complex picture of inflammation, demyelination,
remyelination, axonal/neuronal damage (neurodegeneration) typically in
subcortical but also cortical disseminated lesions. A similar disease can be
induced in rodents by transferringmyelin-specific lymphocytes. This, along
with the fact that white matter plaques in the brain and spinal cord are its
most obvious morphological signs, explains why for more than a century
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MS was thought to be an inflammatory demyelinating disease. It only
recently became evident that axons and their parent cell bodies, neurons,
are also a major target in the CNS. In MS patients, early axonal pathology
can be found, correlating with the number of infiltrating immune cells.
Furthermore, in magnetic resonance imaging (MRI) in patients, ‘‘black
holes’’ are the sign for complete tissue loss. Among other features, such as
focal cortical thinning in theMRI andwidespread graymatter involvement
even at early disease stages, cortical lesions have been reported in patients,
and these are reflected in frequently observed cognitive impairment. In
principle, all aspects of immune reactions can be identified in MS lesions.
Typical hallmarks of inflammatory plaques are CD4 and CD8 T cells,
activatedmacrophages andmicroglia, and antibody and complementdepo-
sition. These static views derived from histopathology have led to extensive
efforts to differentiate the crucial processes that initiate and perpetuate
chronic neuroinflammation from those that are protective or potentially
pure epiphenomena.
2. EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS AS
A MODEL FOR MS

To investigate the pathogenic mechanisms in MS, neuroimmunologists
have generated disease models mimicking the human disease. The induc-
tion of experimental autoimmune encephalomyelitis (EAE) requires sub-
cutaneous immunization with myelin proteins or peptides dissolved in
proinflammatory adjuvants, derived from heat-inactivatedMycobacterium
tuberculosis, and in some models additional intravenous injections with
toxin from Bordetella pertussis. This strategy is called active EAE. Alterna-
tively, encephalitogenic T cells derived from immunized animals can be
isolated, in vitro expanded and transferred to naive animals, inducing a
clinically and histopathologically similar disease called adoptive transfer
or passive EAE.

While the priming of T cells in active EAE seems to be similar in all
rodent EAE models, the effector phase in the target organ and the modes
of chronification of the disease process seem to depend on strain- and
species-specific properties. The Lewis rat, for instance, shows a mono-
phasic disease with massive inflammation, but only a minor degree of
demyelination. Several murine EAE models, mostly using the myelin
basic protein (MBP) as inducing myelin protein, also show a monophasic
but highly demyelinating EAE course (Nogai et al., 2005) which resembles
the human disease ‘‘acute disseminated encephalomyelitis’’ (ADEM),
which has been shown to be associated with recent infections or vaccina-
tions (although no controlled study exists for novel recombinant vaccines).
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Both disease entities are alike in terms of histopathologic hallmarks such
as short-lived degree of inflammation and extensive demyelination, but
onlyminor axonal/neuronal degeneration and a high potential of complete
resolution (Kawakami et al., 2004; Menge et al., 2005). The SJL/J mouse
strain has found broad acceptance as being the closest model of the human
situation in MS, as these mice develop a relapsing-remitting disease pro-
cess upon induction with proteolipid protein (PLP) or adoptive transfer of
encephalitogenic CD4þ T cells recognizing the PLP peptide 139–151. As in
MS, histopathologic findings include T cell and macrophage-dominated
inflammation, extensive demyelination, axonal and neuronal damage
(Aktas et al., 2005; Diestel et al., 2003) early on in the disease process (our
unpublished data). The typical relapsing-remitting disease process has
been shown to depend on epitope spreading, which means that the main
T cell response in the relapse is directed against a different CNS myelin
antigen in comparison to the one the animals were originally immunized
with (McMahon et al., 2005). In support of these findings, Sercarz and
colleagues showed that the observed immune dominance of certain anti-
gens is mainly confined to the inductive phase of EAE, while so-called
‘‘cryptic’’ epitopes cannot easily induce the disease, but are associated
with acute exacerbations (Lehmann et al., 1992). Furthermore, the priming
of these relapse-inducing T cells is believed to occur in the CNS, as the
earliest proliferation of these cells has been located in vivo in the CNS. This
implies that naive T cells can gain access to the diseasedCNS in EAEwhere
efficient activation may lead to exacerbations. In this case, T cell priming
has proved to be most efficient if performed by CNS derived ‘‘dendritic
cell-like’’ antigen-presenting cells (APC) in the context of endogenously
processed peptide in two distinct relapsing-remitting murine models
(McMahon et al., 2005; McRae et al., 1995).

Another aspect of chronic neuroinflammation can be investigated in
the C57Bl/6 mouse strain, in which immunization with the myelin
oligodendrocyte glycoprotein (MOG) or its immunodominant epitope
35–55 induces a severe attack followed by incomplete recovery and a
secondary-progressive stage of silent deterioration, as found in the later
stages of MS (Mendel et al., 1995).

However, the main criticism of EAE models concerns the necessity of
violent immunization. Considerable progress in this direction has been
achieved by two competing groups who have recently published their
development of a spontaneous opticospinal EAE in C57Bl/6 mice
carrying both an MOG-specific T cell receptor and a MOG-specific B cell
receptor. While the single-transgenic animals rarely develop spontaneous
disease, double transgenics show a chronic progressive disease process
(Bettelli et al., 2006a; Krishnamoorthy et al., 2006).
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3. CURRENT KNOWLEDGE ABOUT INDUCTION AND
PERSEVERATION OF CHRONIC NEUROINFLAMMATION

3.1. General considerations

There has been much debate about the importance of the different T cell
subsets, as there is conflicting evidence about the numbers of CD4þ and
CD8þ T cells and their ratio in the histopathology of active MS lesions
(Babbe et al., 2000; Sobel, 1989; Traugott et al., 1983a; Wucherpfennig et al.,
1992). Influenced by the genetic association of MHC class II genes andMS
(Haines et al., 1996), and by the animal model for the human disease,
CD4þ T cells have been in the spotlight for many years. There is compel-
ling evidence that CD4þ T cells recognizing antigenic epitopes from the
myelin sheath can, in many species, initiate a relapsing-remitting disease
course that mimics the human disease both clinically and histologically.
Findings in this and other autoimmune disease models led to the hypoth-
esis that autoimmune disorders arise if autoaggressive immune responses
generate self-recognizing T cells that attack the target organ. This concept
traditionally centered around the hypothesis of self/nonself-discrimina-
tion originating in a highly specific T cell receptor recognition and thymic
deletion of potentially self-reactive T lymphocytes. This rather simplistic
approach suggested that autoimmune responses could arise if, in the
context of genetic susceptibility, specific self-reactive T cells escaped
deletion in the thymus and were reactivated by endogenous or foreign
antigens via molecular mimicry. However, we are now beginning to
understand the complexity and dynamics of immune responses as a
tightly regulated system in which self-recognizing sentinels are part
of the normal T cell repertoire that appears to be crucial for both self-
tolerance and defense by immune modulatory functions, such as anergy
and active suppression via regulatory T cells (Treg). In this concept,
autoimmunity is regarded as an immune disregulation in which, despite
redundant safety regulations, self-recognizing T cells are shifted toward a
proinflammatory phenotype capable of initiating an autoimmune attack.
Consequently, understanding T cell differentiation and regulation in vivo
is now the key to gaining deeper insights into autoimmune phenomena.
3.2. CD4þ T helper cells in chronic neuroinflammation

Upon induction of active EAE by immunizationwith themyelin peptides in
adjuvant, the priming phase of T cells is followed by a sequential appear-
ance of CNS-specific T helper cells (Th) in the secondary lymphoid
organs and in extralymphoid tissues (as detected by IL-2/IFN-g/IL-17-Eli-
spot). Most strikingly, CNS-specific T cells are not detectable in the brain
until (pre-)onset of clinical signs (Hofstetter et al., 2005, 2007). In clinically ill
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animals, there is a close correlation of cell numberswith clinical EAE scores.
Long-termmonitoring of antigen-specific T cells suggests a peripheral pool
of antigen-specific effector cells that are recruited to the brain and then
decrease over a period of two to three months. The absolute number of
neural antigen-specific T cells in the CNS therefore never exceeds the
absolute number outside the brain, and these peripherally situated T cells
have a similar potential to the CNS T cells for inducing the disease in
adoptive transfer EAE. This refutes the hypothesis that myelin-specific
T cells undergo a significant avidity or cytokine profile enrichment in the
CNS. Interestingly, the highest frequencies of myelin-specific T cells can be
detected outside the CNS before onset, culminating in the CNS at onset, and
disappearing with complete resolution of clinical symptoms in the CNS.
Focusing the ratio of antigen-specifically recruited Th cells versus unspeci-
fically recruited cells in full-blown EAE, less than one in a thousand T cells
seems to functionally recognize the disease-inducing antigen (determined
by Elispot technique), as confirmed by other groups employing different
methods (Steinman, 1996; Targoni et al., 2001). These findings differ from
results derived from adoptive transfer EAEmodels inwhich amuch higher
number of specific T cellswas identified in the target organ.Moreover, there
seems to be a highly synchronized pattern of T cell trafficking from the
periphery into the target tissue (Flugel et al., 2001). These differences to the
active EAEmodel can be explained by the artificial in vitro expansionperiod
before transfer and the lack of de novo priming in the secondary lymphoid
organs of the host. The essence of Hofstetter’s findings is the insight that a
small number of antigen-specific Th cells seems to be sufficient to initiate
and perpetuate full-blown EAE with resolution of clinical and histopatho-
logic disease upon disappearance of these cells. These findings gave rise to
the question of key features leading to the immune attack ofmyelin-specific
Th cells against the CNS.
3.2.1. Th1 versus Th17
For many years, EAEwas believed to depend onmyelin-specific CD4þ Th1
cells attacking the CNS, as targeted deletion of the interleukin 12 (IL-12) p40
gene or neutralization of the IL-12 p40 subunit with a monoclonal antibody
protected against EAE. However, Cua and colleagues showed that IL-23
and not IL-12, as first suspected, was the critical factor in the development
of EAE (Langrish et al., 2005). This refueled the controversial debate over
why there was normal or even increased disease susceptibility in the
absence of other Th1-relevant elements, such as the IL-12 p35 subunit,
interferon (IFN)-g, IFN-g receptor, or STAT1. Furthermore, IL-12-induced
classic Th1 cells characteristically expressing IFN-g demonstrated both
proinflammatory and immunoregulatory functions in different models
(Becher et al., 2003; Feuerer et al., 2006; Ivanov et al., 2006; Park et al., 2005).
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The final resolution of this paradox was achieved by Cua and colleagues,
who showed that IL-12 and IL-23, both heterodimers belonging to the IL-12
family, share the p40 subunit and are deficient in both IL-12 and IL-23.
These researchers provided evidence that animals deficient in the IL-23 p19
subunit show a similar reduction in EAE susceptibility to IL-12/IL-23 p40
knockout mice. There was a complete absence of clinical and histological
signs of EAE in these animals, while local application of IL-23 restored the
potential to evolve EAE (Cua et al., 2003; Ivanov et al., 2006). The IL-23-
dependent step in chronic neuroinflammation was found in the generation
of the Th17 cell lineage. Th17 cells, originally discovered in the synovial
fluid of patients with Lyme arthritis, have been shown to contribute to
different autoimmune diseases by the highly proinflammatory cytokines
IL-17, IL-22, GM-CSF, and tumor necrosis factor (TNF) (Infante-Duarte
et al., 2000; Liang et al., 2006). IL-17 depletion by antibody-mediated neu-
tralization or using knockout animals resulted in a significant reduction of
EAE susceptibility. In line with these findings, Langrish et al. (2005)
describe a much higher potential of Th17 CNS antigen-specific cells
to induce EAE. Accordingly, different group report enhanced IL-17
and IL-23 expression by human PBMC and mononuclear cells in the
cerebrospinal fluid (CSF) of patients suffering from MS, which strongly
suggests involvement of these pathways in the human disease as well
(Matusevicius et al., 1999; Vaknin-Dembinsky et al., 2006).

Further insight into the progeny of the Th17 lineage was added with
the discovery that the pleiotropic cytokines IL-6 and TGF-b were crucial
for commitment to the Th17 lineage, while IL-23 might be necessary to
consolidate IL-17 production and effector function of memory Th cells.
Aswith the Th1, Th2, and Treg lineages, a distinct key transcription factor,
the orphan nuclear receptor RORgt, was identified to initiate the differen-
tiation of the Th17 lineage. Inmice with a targeted disruption of the RORgt
gene, clinical symptoms of EAE were delayed and mild, contrasting with
extensive inflammatory infiltrates residing in the spinal cord and expres-
sing high amounts of IFN-g (Ivanov et al., 2006). This is compelling evi-
dence that clinical disease severity is not only dependent on the quantity of
infiltrating cells and the amount of proinflammatory cytokines but also on
the differentiation status of disease-initiating CNS-specific CD4þ cells
(Th17). These findings add important knowledge to our understanding
of what qualities may turn a CNS antigen-reactive T cell encephalitogenic.
3.2.2. T cell trafficking to the CNS
For decades, it has been known that the production of proinflammatory
cytokines by CNS antigen-specific CD4þ cell clones is one of the conditions
necessary to initiate neuroinflammation. Another crucial step is for the
immune cells to actually reach the CNS by transmigrating from the blood
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into the target tissue. Generally, activated memory T lymphocytes are able
to enter the CNS irrespective of their antigen specificity, whereas naive
lymphocytes fail to enter the healthy CNS. T lymphoblasts rapidly appear
in the CNS tissue upon active transfer regardless of MHC compatibility,
T-cell phenotype, T cell receptor gene usage, or antigen specificity. In the
rat, the peak of cell infiltration lies between 9 and 12 h after transfer and is
about 100 times smaller in terms of cell numbers than in non-CNS sites
(Hickey, 1999; Hickey et al., 1991). There are many components involved in
this process of transmigration in health and disease (Fig. 1.1).
FIGURE 1.1 Multistep process of T (T) cell extravasation, perivascular restimulation, cell

recruitment, and penetration of CNS parenchyma. Following profound functional changes

in the periphery including upregulation of adhesion molecules and chemokine receptors,

T cells adhere to and roll along the endothelium via adhesionmolecules, such as VLA-4, get

activated via chemokines (e.g., CXCL9 and 10), which induce G-protein–mediated promo-

tion of further adhesion via ICAM-1–LFA-1-interactions leading to transmigration along a

cytokine gradient via transcellular or paracellular diapedesis through the endothelium.

Following transmigration T cells get first in the perivascular space (PVS) where interaction

with dendritic cells (DC) via antigen recognition and costimulation allows penetration of

the CNS parenchyma through the glia limitants. Additionally, cytokine release by DCs,

particularly IL-23, supports maintenance of T cell differentiation status (Th17), resulting in

the release of further proinflammatory effector cytokines such as IL-17. Additional

chemotactic factors secreted by microglia activated by CNS infiltrated T cells promote

further inflammatory cell recruitment and thus enhancement of inflammation. These

processes are also compromised by counterregulatory processes, including IFN-g and nitric
oxide (NO) release by activated microglia. In addition to the release of soluble proin-

flammatory factors, DCs have been described as the preferred PVS cell population

responsible for epitope spreading, an essential mechanism in inducing relapse phases of

disease, suggesting that also naive T cells gain excess to the diseased CNS where efficient

activation may lead to exacerbations.
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3.2.2.1. Adhesion molecules A model for sequential extravasation in the
postcapillary venules has been proposed consisting of tethering and roll-
ing of lymphoblasts on the endothelium mediated by selectins (E-, P-,
L-selectins) and Very Late Antigen-4 (VLA-4). These adhesion molecules
interact with their carbohydrate ligands followed by chemokine receptor-
induced activation of integrins (CAMs), which subsequently results in
close adhesion to the endothelium. The last step consists of a chemokine
driven diapedesis of the lymphoblast through the endothelium or in
between two endothelial cells (Ransohoff et al., 2003).

Interfering with selectin function has proved to have neither a benefi-
cial nor a detrimental effect on T cell recruitment to the CNS in EAE
(Engelhardt et al., 1997, 2005), while the adhesion molecule VLA-4, a
member of the a4-integrin family, has been defined as essential factor for
T cells to enter the CNS and for CNS-specific T cell clones to transmit EAE
(Keszthelyi et al., 1996; Yednock et al., 1992). Interestingly, some non-
encephalitogenic T cell clones lacking VLA-4 have been rendered enceph-
alitogenic by administering pertussis toxin, which is believed to ‘‘open the
blood–brain barrier’’ but most probably has pleiotropic effects (Kuchroo
et al., 1993). Accordingly, blockade of VLA-4 by neutralizing nondepleting
antibodies against the a4 integrin prevented CNS inflammation in differ-
ent murine EAE models by drastically reducing the number of activated
T cells reaching the target tissue; this was effective even if initiated in late
stages of the disease. These findings led to the development of one of the
most powerful but high-risk treatment strategies currently available,
whose benefits and hazards for MS patients will be discussed in detail in
the final chapter (Brocke et al., 1999; Miller et al., 2003; Niino et al., 2006).

While the case of VLA-4 seems straightforward enough, the case of LFA-
1–ICAM-1 (Leukocyte function-associated molecule-1, intercellular adhe-
sionmolecule-1) interaction is far less so. Functional neutralization of LFA-1
or ICAM-1 in EAE proved to be beneficial in some studies and detrimental
in others, and even knockout animals revealed controversial results. Differ-
ent activities of antibodies can sometimes be explained by distinct in vivo
effects of the different clones, as partially agonistic, depleting, or differential
steric properties may result from binding different epitopes. But opposing
data in knockout animals aremuchmore difficult to interpret and lead us to
suspect that at least one of the mouse strains used was not a complete null
mutation. The conclusion to be drawn at this point is that this interaction
probably exceeds a pure binding process, leading also to some kind of
activation and cell conditioning for diapedesis (Bullard et al., 2007;
Kobayashi et al., 1995; Samoilova et al., 1998; Welsh et al., 1993).

3.2.2.2. Chemokines As mentioned above, T cells trying to enter the CNS
require chemotaxis in order to leave the circulation. The interaction of
chemokines with their chemokine receptors represents an important step
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between rolling/tethering and adhesion by activating the T cells and, most
probably, offering them firm adhesion (Engelhardt and Ransohoff, 2005).
Wekerle and coworkers showed that T cells require profound functional
changes to allow them to infiltrate the CNS, which provides a reasonable
explanation for the latency period after adoptive transfer of highly acti-
vated encephalitogenic T cells until clinical signs appear. The upregulation
of different chemokines and chemokine receptors (CCR1/2/3/5/7, CXCR4)
was particularly extensive before the recruitment of inflammatory cells to
the CNS (Flugel et al., 2001). On the receptor side, T cells in noninflamed
CSF and inMS predominantly express CCR7 andCXCR3,while monocytes
in MS lesions express CCR1, CCR2, and CCR5 (Rebenko-Moll et al., 2006).
Accordingly, studies in EAE have detected a multitude of chemokine
attractants, for example, CXCL9–11 associated with CXCR3, CCL19/21
with CCR7, CCL2 with CCR2, and CXCL12 with CXCR4.

CCR1-deficient mice show an attenuated EAE course which corre-
sponds with reduced monocyte infiltration in EAE lesions in keeping
with findings of a specific CCR1 antagonist that reduced leukocyte infil-
tration and severity in EAE (Eltayeb et al., 2003; Rottman et al., 2000).
Unfortunately, CCR1 blockade did not provide any significant beneficial
effect in a Phase II clinical trial in patients suffering from relapsing-
remitting MS, although it clearly modulated the activity of circulating
monocytes (Zipp et al., 2006). These findings reflect the higher complexity
of the human disease and the more chronic disease process in which
redundancy of different chemokine receptors on effector monocytic cells
(e.g., CCR2, CCR5) may develop as a consequence of ongoing T cell
activation, impaired immune regulation, and disrupted feedback loops.

CXCR3 is preferentially expressed on Th1 cells generated in vitro and
in vivo and has been shown to promote differential trafficking of IFN-g-
producing Th1 cells into sites of inflammation. Somewhat unexpectedly,
CXCR3-deficient mice developed exaggerated EAE, refuting the hypoth-
esis that CXCR3 deletion might lead to reduced transmigration of enceph-
alitogenic T cells. Indeed, in knockout animals IFN-g-producing T cells in
the CNS were significantly lower in numbers than in wild-type controls
without obvious differences in cell distribution or absolute numbers of
infiltrating cells (Liu et al., 2006a). In the Th17 era, these findings could be
a result of uninhibited Th17 action caused by reduced migration of IFN-g-
producing T cells into the CNS; this would certainly explain the associa-
tion between enhanced clinical symptomatology, comparable infiltrates,
and lower IFN-g production. Furthermore, there is convincing evidence
that in vivo chemotaxis is not as absolute and dichotomous as studies with
in vitro differentiated Th1 and Th2 cells suggest. Hamann and colleagues
haveshownthat invivogeneratedcytokine-producingTcellsexert tissueand
infection-dependent differential chemotactic behavior. On the one hand,
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the CXCR3 ligands CXCL9 and CXCL10 robustly attracted IFN-g-
producing T cells that were generated by murine influenza infection in the
lung. On the other hand, IL-10-producing and especially IL-10/IFN-g ex-
pressing CD4þCXCR3þ T cells also strongly migrated toward their
ligands in this Th1-mediated disease model (Debes et al., 2006). Extrapo-
lating these findings to Th1-mediated autoimmune diseases, it seems
that not only proinflammatory Th1 cells but also the recruitment of
potential Treg subsets might depend on Th1 cell-attracting chemokines,
making interferencewith these complex processes unpredictable, especially
in the human situation.

For pathological purposes, it is important to differentiate the chemo-
tactic cues necessary for extravasation from those that are necessary in the
target tissue for local homing to immune relevant sites in the CNS, which
can also be interpreted as trapping cells in areas of interest. The homeo-
static T cell chemokine CXCL12, together with its receptor CXCR4, is also
believed to regulate baseline lymphocyte trafficking, but additionally
plays a crucial role in fetal hematopoiesis as well as in cell proliferation
and survival (Sallusto and Mackay, 2004). CXCL12 is one of the top
candidates for homing of T cells into the CNS. This CXCR4 ligand is
highly expressed by endothelial cells with strong polarization to the
basolateral surface—the parenchymal side of the vessel. Blockade of
CXCR4 by a specific small molecule antagonist led to enhanced EAE
severity marked by more diffuse infiltration of inflammatory cells com-
pared to typical vascular cuff forming in sham-treated animals without
significant differences in absolute cell numbers. The clinical outcome can
be explained by a bigger area of inflammation and also a higher degree of
demyelination, though apart from a slight increase in the expression of
proinflammatory cytokines in the tissue there were no gross differences in
recruited cell populations. The authors interpret their data in terms of a
tissue protective effect of CXCL12, which binds the receptor carrying
proinflammatory cells to the area around the vessel (McCandless et al.,
2006). Hamann and coworkers showed that CXCL12-dependent migra-
tion seems to be nonselective for all types of effector/memory T cells in
different organs of the naive mouse and also in different infectious
diseases models. This suggests a vital role for CXCL12–CXCR4 driven
chemotaxis in lymphocyte homing to immune relevant sites in different
target organs, and presumably a central role for immune surveillance and
antigen recognition in vivo (Debes et al., 2006).

Finally, it should be kept in mind that chemokine encoding genes are
switched on nonspecifically upon cell activation by different stimuli
(Ubogu et al., 2006), and chemokine receptors are not always involved in
chemotaxis but can also deliver proapoptotic signals and sometimes
function as scavenging receptors without any chemotactic function at all
(D’Amico et al., 2000; Lasagni et al., 2003). It has been shown that the
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correlation of chemokine-driven migration may be variable in different
inflammatory conditions. For example, IFN-g-producing CD4þ T cells
migrated robustly toward the CXCR3 ligands in an ex vivo chemotaxis
assay if isolated from influenza infected mice, but they responded poorly
to their classic ligands if generated in parasitic infection (Debes et al.,
2006). In light of these limitations, caution should be exercised in
transferring in vitro acquired knowledge to our autoimmune disease
model, and especially to the human condition.

3.2.3. Containment of CNS inflammation by apoptosis
Apoptosis is, on the one hand, an important mechanism for the contain-
ment and reversal of CNS inflammation, but on the other hand, it has
been shown to contribute to tissue damage, which is of high significance
in low-proliferating tissue such as that of the CNS. In contrast to necrosis,
apoptosis represents programmed cell death with a defined process of
cell degradation, induced by specific death receptor/ligand systems with-
out reactive inflammation. In chronic neuroinflammation, the research
focus has been on the roles of the death ligand members of the TNF/NGF
(nerve growth factor) superfamily, the CD95 (APO-1/Fas) ligand, and the
recently characterized TNF-related apoptosis-inducing ligand (TRAIL).

CD95L, the ligand of CD95, is expressed on the surface of effector
T lymphocytes, which enables them to target neighboring cells carrying
the respective receptor. CD95 has a central position in preserving homeo-
stasis of the immune system, leading to autoimmune phenomena on
targeted deletion. In MS, CD95 has been shown to be an important factor
for deregulated activation-induced cell death (AICD), which seems to be
responsible for the survival of activated autoreactive T cells, most proba-
bly via enhanced levels of the soluble form of the apoptosis-inhibiting
CD95 in the serum and CSF of MS patients (Bieganowska et al., 1997; Zipp
et al., 1999). The importance of the CD95 system in the rodent model
seems somewhat contradictory. On the one hand, different EAE models
show a regulatory, suppressive effect of the CD95 system in EAE, not only
leading to enhanced disease severity but also to absence of remission; on
the other hand, these findings were concordant with other investigations
showing CD95L expression by neurons which induced apoptosis of
encephalitogenic T cells in situ (Aktas et al., 2006; Flugel et al., 2000).
However, further investigations lend additional importance to CD95/
CD95L by suggesting that animals deficient in CD95 in the CNS
are protected from disease, most probably by the lack of apoptosis in
oligodendrocytes, which might be one of the driving forces in the
inflammatory cascade toward full-blown EAE (Hovelmeyer et al., 2005).

This study also identified TNF-R1-mediated apoptosis in oligodendro-
cytes, supporting the idea of TNF-a as an ambiguous player in chronic
neuroinflammation. Blockade of TNF-a is known as a prototypical
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proinflammatory cytokine, and blockade of TNF-a signaling has success-
fully been used to treat other autoimmune disorders. Even in EAE mod-
els, TNF-a blockers have had a protective effect, which led to the hope for
a new therapeutic option in MS. Surprisingly, clinical trials with an
antibody against TNF-a showed even exacerbated disease leading to the
induction of relapses, and enhanced silent inflammatory activity in MRI
(Anonymous, 1999). Indeed, further studies with TNF-a-deficient animals
showed a chronic form of EAE with a delayed onset but pronounced
accumulation of effector-memory Th cells, indicating an aborted contrac-
tion phase (Kassiotis and Kollias, 2001).

Another apoptotic mechanism involved in chronic neuroinflammation
is TRAIL, which has been discussed as a protective factor against autoim-
munity as it was shown to inhibit the proliferation of activated T cells and
was associated with a better therapeutic response (Lunemann et al., 2002).
EAE studies supported these findings as the disease was significantly
worse upon peripheral blockade of TRAIL. However, as in the CD95/95L
system, the apoptotic effect of TRAIL was not restricted to the
immune system, suggesting a death-inducing effect on neurons and oli-
godendrocytes if expressed on activated T cells in the CNS (Aktas et al.,
2005; Nitsch et al., 2000).

3.2.4. Regulatory Th cells as key players in the control of
chronic neuroinflammation

Immune tolerance is needed to preserve immune homeostasis and to
prevent autoimmunity while ensuring effective host defense. Active
mechanisms of immune regulation have been largely attributed to
specialized T cell subsets termed Treg, which can be roughly divided
into thymus derived and acquired Treg. Thymus derived ‘‘naturally
occurring’’ CD4þCD25þ T cells (nTreg) are generated in the process of
T cell maturation, and express the distinct lineage marker and transcrip-
tion factor FoxP3. CD4þCD25þFoxP3þ T cells have proved crucial for self-
tolerance since targeted gene deletion leads to early fatal multiorgan
lymphoproliferative autoimmune disease (Fontenot et al., 2005). In EAE,
nTreg have been associated with protection and recovery from clinical
symptoms. Anderton and colleagues showed that IL-10 producing
CD4þCD25þFoxP3þ T cell accumulation in the CNS was associated
with, and necessary for, clinical remission, which corresponded to a
high in vitro regulatory potency of Treg recovered from the CNS
(McGeachy et al., 2005). Moreover, strain-specific EAE resistance in
naive B10.S mice was associated with a higher ratio of CNS antigen-
specific CD4þCD25þ Treg compared to the MHC class II-congenic EAE
susceptible SJL/J mice, while absolute numbers of self-reactive CD4þ T
cells were similar. Accordingly, EAE resistance in the B10.S strain was
overcome by depletion of CD4þCD25þ T cells (Reddy et al., 2004).
Furthermore, C57BL/6 animals immunized with MOG normally develop
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resistance to reimmunization after a first attack, but this was overcome by
postrecovery depletion of CD25þ T cells (McGeachy et al., 2005).

Although little is known about the progeny of the numerous
CD4þCD25þFoxP3þ Treg cells accumulating in the inflamed CNS, both
expansion of nTreg and de novo differentiation generally seem possible
(Kretschmer et al., 2005; Papiernik et al., 1998). As FoxP3 is inducible upon
transgenic TGF-b-overexpression in vitro, the hypothesis has been formed
that TGF-b production might be responsible for successful Treg induction
from naive CD4 precursors, as well as its expansion and maintenance.
This correlates well with in vivo findings, showing that TGF-b induces
antigen-specific CD4þCD25þFoxP3þ Treg expansion (Peng et al., 2004).
Indeed, transfer of in vitro generated MOG-specific and TGF-b-producing
CD4þ cells protected recipients from clinical symptoms in actively
induced MOG-EAE in C57BL/6 (Carrier et al., 2007), and TGF-b-neutrali-
zation abolished remission in active EAE in the SJL/J strain (Zhang et al.,
2006). One recent in vitro coculture study suggests that neurons, in their
cross talk with encephalitogenic T cell clones, might also be able to push
the development of the Treg lineage, dependent on neuronal B7 costimu-
lation and TGF-b expression (Liu et al., 2006b). In contrast with these TGF-
b-hypotheses, which regard TGF-b as an anti-inflammatory cytokine and
as the driving force for Treg development in EAE, there are several
reports on ambivalent effects of TGF-b. It has been shown, for instance,
that TGF-b, which is able to induce Treg in vitro, is also capable of
inducing the highly pathogenic Th17 subset in vitro and in vivo in
the context of an inflammatory milieu. This effect was dramatically
illustrated by exacerbated EAE in C57BL/6 mice with a transgenic IL-2-
promoter-dependent TGF-b-overexpression. Increased clinical outcome
and mortality in this model were associated with an imbalance of
CD4þCD25þFoxP3þ Treg cells versus Th17 subset (Bettelli et al., 2006b).
In support of these findings, CD4þ T cell-restricted targeted deletion of
the TGF-bRII led to resistance to EAE (Veldhoen et al., 2006b). In sum-
mary, TGF-b, while abrogating Th1 and Th2 development in inflamed
and noninflamed environments, induces a regulatory phenotype only in
the absence of inflammation and promotes the highly pathogenic Th17
subset in the presence of IL-6 (Veldhoen et al., 2006a). Therefore, any
kind of therapeutic approach involving TGF-b or TGF-b-producing
cell subsets should be carefully evaluated with regard to the potential
generation of pathogenic Th17 cells in the realm of inflammation. In
addition, effector mechanisms of Treg in the in vivo situation still remain
unclear, despite the discussion of soluble factors, such as IL-10 and TGF-b,
and despite the fact that immune modulatory surface molecules such as
CTLA-4 (cytotoxic T lymphocyte antigen 4), membrane-bound TGF-b,
and GITR (glucocorticoid-induced tumor necrosis factor receptor) seem
to have a role in at least some models.
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Rapid progress in understanding the central position of
CD4þCD25þFoxP3þ in immune modulation has meant that another
Treg subset, characterized by high IL-10 production upon antigen stimu-
lation, has lately been given short shrift in immunology. These acquired,
antigen-driven Treg, called Tr1 cells, and arising during immune
responses, were first described in bone marrow transplantation tolerance
(Roncarolo et al., 1991) and were also successfully induced in vitro
by complex protocols. Later, O’Garra and colleagues described the
slightly distinct IL-10-Treg (FoxP3�), which they derived from naive
T cells by repetitive antigenic stimulation in the presence of immunosup-
pressive drugs. These IL-10-Treg were therapeutically effective in pre-
venting EAE in an antigen-dependent manner at the site of inflammation
(Barrat et al., 2002; Vieira et al., 2004). Additionally, our previous work
indicates an induction of an IL-10-producing regulatory phenotype by
application of the HMGCoA reductase inhibitor atorvastatin in vitro
and in vivo, leading to a protective effect in different models of EAE
(Aktas et al., 2003; Waiczies et al., 2005) (Fig. 1.2).
3.3. CD8þ T cells in neuroinflammation:
A never-ending controversy

The debate about the role of CD8þ T cells in chronic neuroinflammation
was started by histopathologic studies of active and chronic MS lesions,
showing inconsistent results for both numbers and distribution in MS
lesions. In some patients’ biopsies, large numbers of oligoclonally
expanded CD8þ T cells prevailed within active demyelinating lesions
(Babbe et al., 2000), while others presented with scarce, often only mar-
ginal infiltration of chronic active MS lesions by CD8þ T cells (Traugott
et al., 1983b). However, not only the numbers but also the significance of
the presence of CD8þ T cells in MS lesions has been heavily debated.
On the one hand, there is evidence for a proinflammatory role from
different passive transfer EAE models in which cytotoxic, myelin-specific
CD8þ T cells initiated severe CNS inflammation IFN-g- and MHC-I
dependently (Huseby et al., 2001; Sun et al., 2001). On the other hand,
from a histological point of view, CD8þ-induced EAE differed signifi-
cantly from conventional EAE as there were enhanced and prolonged
meningeal involvement, extensive neutrophil recruitment, and signs of
necrotic cell damage, all of which suggests a somewhat unspecific cyto-
toxic effect, as seen in other animal models of bystander damage (Banerjee
et al., 2004). In sum, the case for CD8þ T cells as the initiating force in
chronic neuroinflammation does not seem very strong, but cytotoxic
T cells might considerably contribute to axonal and neuronal damage.
Furthermore, in Sun’s study, absence of CD4þ T cells in RAG-deficient
animals delayed disease onset extremely, suggesting an important role



FIGURE 1.2 The pathogenesis of chronic neuroinflammation. Classically chronic

neuroinflammation was regarded as CD4 Th1-mediated autoimmune disease. More

recent data rather point to a disregulation of two dichotomous T cell subsets: the highly

pathogenic CD4 Th17 cells and the recovery-mediating CD4 Treg. TGF-b, which has been

associated with Treg for a long time, also promotes the differentiation of Th17 cells in

the context of antigen-specific (re)activation by mature dendritic cells (mDC) secreting

the proinflammatory cytokines IL-6 and IL-23. Uninhibited Th17 cells induce a massive

recruitment of effector T cells and APC such as macrophages, B cells, and DC to the

target organ. The release of proinflammatory cytokines such as IFN-g, TNF-a, and IL-17

promotes CNS inflammation and tissue injury either by directly targeting neurons or

indirectly via APC activation, which releases neurotoxic compounds like nitric oxide

(NO) and reactive oxygen species (ROS). Further effector mechanisms involved in

damage and cell death include perforin-mediated cytotoxicity and CD95 and TRAIL

induced oligodendrocyte and neuronal cell death. However, CD95 and TRAIL-mediated

apoptosis is also directed against effector lymphocytes, promoting reversal of CNS

inflammation. Despite controversial discussions regarding the effector mechanisms of

Treg, membrane-bound TGF-b, CTLA-4, and GITR as well as soluble released IL-10 and

TGF-b are suggested to be involved in suppression of proinflammatory cells. Additional

targets of Treg are DC in which they presumably induce or preserve an immature

phenotype (iDC). Some reports also indicate a regulatory role for CD8 T cells via

Qa1-mediated mechanisms. Due to dominance of either pathogenic CD4 Th17 or Treg in

distinct disease phases, the balance is shifted periodically during the disease course

resulting in phases of demyelination and neuronal/axonal degeneration but also phases

of remyelination and regeneration.
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for endogenous CD4þ T cells in the initiation of clinical disease, which is
not the case in a model of CD8þ deficiency (Linker et al., 2005). Interest-
ingly, this study suggested a beneficial role of CD8þ T cells in conven-
tional active EAE. Gold and coworkers describe a severe and mostly
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lethal EAE in b-2 microglobulin-deficient mice, which lack CD8þ T cells
and NK-T cells. They found typical EAE lesions with increased numbers
of CD4þ T cells associated with typical but also enhanced macrophage
recruitment and equivalent demyelination and axonal damage, and this
correlates well with ‘‘classic’’ but enhanced, CD4þ-affluent EAE pathol-
ogy. This report supports a regulatory function of CD8þ T cells on
CD4þ T cells which might be due to a Qa-1-dependent suppressor effect
of CD8þ T cells. Qa-1, a homologue of HLA-E in the human system and
considered as atypical MHC, forms heterodimers with b-2 microglobulin,
which is favorably expressed by activated CD4þ T cells as well as B cells.
Further evidence of a vital role for CD8þ T cell transmitted CD4þ T cell
suppression was provided by Cantor and coworkers, who demonstrated
elegantly that PLP-induced tolerance in C57Bl/6 could be overcome in
Qa-1-deficient mice, while wild-type mice did not develop EAE. If Qa-1
was restituted in the CD4þ T cells by retroviral transfer, those cells
regained susceptibility to CD8þ-suppression. Thismechanismwas depen-
dent on CD8þ T cells being present during the CD4þ priming process, and
could not be surrogated by nonspecific, activated CD8þ T cells; the speci-
ficity of the suppressor CD8þ T cells involved has so far not been revealed
(Hu et al., 2004).
3.4. B cells and antibody-mediated immune responses in
chronic neuroinflammation

Persistent intrathecal immunoglobulin (Ig) synthesis is a key feature in
the CSF of the majority of MS patients (Thompson et al., 1979) and con-
tributes to diagnostic decision making. In fact, two distinct CSF param-
eters are important in the context of MS: the oligoclonal bands (OCB) and
the Measles/Rubella/[Herpes] Zoster (MRZ) reaction. The OCB represent
a distinct pattern of Ig in the CSF which cannot be found in the peripheral
blood. They have a high sensitivity, being detectable in around 90% of MS
patients. However, their presence is not restricted to MS, as they can be
found transiently in many inflammatory CNS conditions as the expres-
sion of a humoral host response. For instance, Herpes simplex virus
(HSV)-specific Ig can be detected in the CSF of patients suffering from
HSV encephalitis, with the majority of antibodies directed against the
pathogen (Vandvik et al., 1982). By contrast, OCB in MS have failed to
display a predominant specificity inter- and intraindividually, as they
are directed not only against many different pathogen-associated anti-
gens but also against CNS structural epitopes. When compared to the
corresponding ratio in blood, the MRZ-reaction describes an elevated
ratio of intrathecally synthesized antibodies specific for MRZ (about 2%
of all intrathecal IgG) versus all intrathecally synthesized IgG. It therefore
has a higher specificity for MS than OCB, making it an attractive
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complement to the highly sensitive OCB (Reiber et al., 1998). Although
intrathecal antibodies are present in the human disease and also in some
of the animal models, passive transfer studies and antibody depletion
strategies failed to prove a clear-cut disease initiating or perpetuating
effect (Antel and Bar-Or, 2006). In the animal model, some studies have
shown a slightly exacerbating effect of MOG-specific antibodies on demy-
elination and clinical score in already established EAE (Urich et al., 2006).
Thus, in the context of T cell-mediated disease [or in the presence of a high
number of autoreactive T cells (Bettelli et al., 2006a; Krishnamoorthy et al.,
2006)], the disease can be modified by autoantibodies against myelin and
other neural components, while systemic presence of these antibodies
without T cell help has not proved to be pathogenic. Thus, intrathecal
polyvalent antibody production in MS might in fact be an epiphenome-
non rather than a disease promoting mechanism, and this can be utilized
as diagnostic tool to discriminate MS from other CNS inflammatory
conditions. This would also explain the broad array of specificities,
which may reflect the individual patient’s medical history of infections
and CNS damage rather than an autoimmune response against an MS-
relevant antigen. This concept of ‘‘bystander humoral response’’ has been
supported by findings in basic research in B cell and plasma cell develop-
ment. Radbruch and coworkers showed that migrating plasma blasts are
capable of entering inflamed tissue by CXCR4- and CXCR3-mediated
chemotaxis (which are also crucial factors for T cell migration to the
CNS) irrespective of their antigen specificity. If they succeed in occupying
a survival niche, which is defined by the availability of surviving factors,
such as CXCL12 and other IL-6-induced B cell relevant factors, plasma-
blasts can develop into immobile, long-lived plasma cells, secreting large
amounts of the antibodies (Radbruch et al., 2006). Long-lived plasma
cells are only present in the target organ during inflammation, disappear-
ing after resolution of inflammation due to apoptosis, and the elimination
of survival niches. This basic mechanism makes sense if there is an
infectious attack against the CNS, as for instance in neuroborreliosis, in
which bacteria attack the CNS, and the enrichment of peripherally gen-
erated plasma blasts leads to an enrichment of specific plasma blasts in
the diseased target organ, and to a forceful antigen-specific local humoral
response (Li et al., 2006; Reiber and Peter, 2001). On the whole, this seems
to be similar for MS in which chronically activated B cells, having under-
gone germinal center maturation, and plasma blasts are selectively
enriched in the target tissue (Cepok et al., 2005; Corcione et al., 2004).
In MS, however, there is no specific humoral immune response against a
pathogen and thus no generation of specific plasma blasts in the bone
marrow or spleen, which leads to an unselective attraction of traveling
plasma blasts to the diseased target organ. This concept correlates well
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with low-level presence of B cells in chronic autoimmunity in the CNS
(Esiri, 1977; Magliozzi et al., 2004). These findings lead us to hypothesize
that intrathecal antibody synthesis in classic MS reflects a nonspecific
recruitment of antibody-secreting cells into the CNS by inflammatory
cues released in the process of T cell-mediated autoimmune inflamma-
tion. In situ, the provision of survival factors for plasma cells leads to
long-term antibody production in the CNS. Indeed, myeloablative
therapy in MS followed by successful autologous hematopoietic stem
cell transplantation left OCB presence in the CSF unchanged, most likely
resulting from the resistance of long-lived plasma cells to irradiation,
cytostatics, and depletion by an anti-CD20 antibody (Rituximab, see
below; Saiz et al., 2001).

A genuine autoimmune humoral response, as in the (NZB �NZW) F1
murine model for systemic lupus erythematodes (SLE), presents with
stable and persistent autoantibodies in the serum as a hallmark of its
pathology. These serum autoantibodies presumably derive from long-
lived plasma cells in the bone marrow and are characteristically present
already before onset of the disease (Hoyer et al., 2004). This is not the case
for classic MS (Antel and Bar-Or, 2006), but some of these traits can be
found in another type of chronic neuroinflammation called neuromyelitis
optica (NMO, also Devic’s syndrome), a demyelinating CNS disease with
distinct clinical, therapeutic, and histopathologic features compared to
MS. CNS infiltrates in NMO are marked by extensive eosinophil infiltra-
tion, complement activation, and necrotizing demyelination with promi-
nent vascular hyalinization (Lucchinetti et al., 2002). Recent serological
studies have identified a serum autoantibody called NMO-IgG, which
binds to the abluminal face of CNS microvessels in different areas of the
spinal cord and brain of murine CNS tissue, and which can be detected in
the serum of most NMO patients while they are absent in healthy con-
trols, MS, and other diseases (Lennon et al., 2004). This autoantibody
presumably recognizes the aquaporin-4 water channel, which is highly
expressed in astrocytic end feet along CNSmicrovasulature (Lennon et al.,
2005). These findings make aquaporin-4 a likely suspect as an autoantigen
which might be involved in initiating humoral autoimmune CNS disease.
Another piece of evidence supporting this hypothesis is supplied by a
first open trial in which patients were treated with the CD20-depleting
antibody Rituximab. Results from this trial have been promising for this
otherwise rapidly progressive disease, with six out of eight patients
staying relapse-free over an observation period of one year (Cree et al.,
2005). However, while serological studies, histopathologic results, and
success of specific treatments are all crucial, it has yet to be proven that
passive transferal of the antibody or serum from diseased animals is
sufficient to induce the disease in healthy animals.
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4. THERAPEUTIC APPROACHES TO
CHRONIC NEUROINFLAMMATION

4.1. General considerations

Traditional therapy regimens aiming at broad immune modulation and
suppression by steroids, Type I interferones, and cytostatics have only a
limited impact on the disease progression, presumably reflecting the
etiologic and pathological complexity of the clinical syndrome. This lack
of long-term disease control might be due to the fact that our treatment
strategies focus on the inflammatory processes outside the brain and on
the attack against the myelin sheath, although even the earliest histopath-
ologic descriptions from the end of the nineteenth century describe exten-
sive gray matter and axonal pathology. Our ability to induce a similar
disease in animals by injectingmyelin components leading to pronounced
demyelination and comparably minor axonal and neuronal damage in the
early stages shifted the focus of inquiry from the search for therapeutic
remedies to the investigation of the primary attack against the myelin
sheath. Moreover, the visualization of CNS damage in MS with MRI is
heavily biased toward the impressively obvious white matter demyelin-
ating lesions, whereas gray matter lesions and neuronal degeneration can
only be shown in vivo by intricate MRI spectroscopic methods which are
not part of standard MRI protocols. However, beyond white matter
demyelination, brains of patients show axonal pathology that correlates
with immune cell infiltration and neuronal cell loss (Peterson et al., 2001;
Trapp et al., 1998). Indeed, conventional MRI, being blind to neuronal
damage, underreports the extent of the disease and neglects the neuro-
pathologic heterogeneity in MS patients, which is very important in view
of the fact that MRI is the preferential end point in clinical trials and
contributes considerably to therapeutic decision making.

A recent paradigm shift has led to efforts by neuroimmunologists to
acquire deeper insight into the neurodegenerative features of chronic
neuroinflammation. Recently, proteolytic enzymes, cytokines, death
ligands, such as TRAIL, oxidative products, such as 7-keto-cholesterol,
and free radicals have been identified as potential contributors to neuro-
nal damage (Zipp and Aktas, 2006). It has yet to be clarified what immune
cells and what mechanisms initiate neurodegeneration in in vivo animal
models and the human disease. In addition, inflammation may compro-
mise energy metabolism and cause hypoxia and cytotoxicity, making
neuroprotective drugs a likely candidate for future treatment strategies.
The contribution of excitotoxicity was shown by Raine and coworkers,
who influenced chronic neuronal damage in the EAE model via AMPA/
kainate receptor antagonists (Pitt et al., 2000). Unlike ischemic or traumatic
models, in which dramatic metabolic failure leads to rapid irreversible
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neuronal injury, and where neuroprotectives have not had a significant
effect, metabolic disturbances in relapsing-remitting MS seem to be much
more subtle, and reversibility of neuronal impairment may give us the
opportunity to save patients from silent deterioration. Accordingly, there
have been some promising reports describing beneficial effects of Naþ-
channel blockers on neurodegeneration in animal models of MS (Black
et al., 2006).
4.2. Current therapeutic concepts

State-of-the-art therapy in MS rests upon two distinct pillars primarily
aimed at reducing inflammatory activity in the CNS. On the one hand,
high-dose steroid-pulse therapy is administered during acute attacks to
induce remission, while on the other hand, continuous immune modula-
tory treatment with IFN-b and glatiramer acetate (GA) or suppressive
treatment with Mitoxantrone have been shown to slow down the disease
progress.

The mechanisms of both regimens seem to be pleiotropic; but as most
of these results come from animal models or even in vitro investigations, it
remains difficult to define the crucial mechanism for the in vivo human
situation.

4.2.1. Steroids
Steroids can inhibit a broad spectrum of transcription factors involved in
proinflammatory gene expression, which is what made them a universal
tool in the treatment of chronic inflammatory diseases. Steroids given at
high doses can induce apoptosis in CNS infiltrating T cells, leading to
amelioration in adoptive transfer rat EAE models. Furthermore, even at
low doses, transmigration of leukocytes seems to be significantly reduced
mainly by modulating adhesion molecule expression, thus preventing
blood–brain barrier breakdown. Moreover, steroids exert a downregula-
tory effect on antigen presenting cells (APC) by keeping down MHC
expression and NO synthesis both in the CNS and in secondary lymphoid
organs (Reichardt et al., 2006); they have also been shown to induce
strongly IL-10-biased Treg, preventing EAE if generated in the presence
of vitamin D3 (Barrat et al., 2002).

Even if steroids have been proven to be of therapeutic value in induc-
ing remission in acute MS attacks, there are a few caveats to keep in mind.
First, there is no evidence at all for a beneficial effect of continuous steroid
treatment, and long-term disability can certainly not be influenced by this
therapeutic option. Furthermore, results from a toxin-induced demyelin-
ation model suggest that steroid treatment might interfere with successful
remyelination, possibly by reducing debris removal and thus impairing
myelin-induced oligodendrocyte precursor cells. However, this needs
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further investigation, as the toxin-induced demyelination model is quite
different from EAE and MS, in which there is much more recruited
inflammation and resulting axonal damage and neurodegeneration
(Chari et al., 2006; Miller, 1999).

4.2.2. Interferon-b
In contrast to steroids, immune modulatory drugs such as IFN-b or GA
have a beneficial long-term outcome reflected in a reduction of relapse
rate and lower disability progression. Under physiological circumstances,
IFN-b, a Type I IFN, is a cytokine produced by different cell types upon
Toll-like receptor (TLR) activation, which is involved in defense against
different infections via recognition of conserved pathogen-associated pat-
tern. IFN-b signals through the common Type I IFN receptor (IFN-a/b-R),
inducing diverse immune modulatory effects as well as multiple antiviral
effector mechanisms. On the one hand, there is reduced allover activation
of T cells and reduced expression of transmigration-relevant adhesion
molecules in treated MS patients, and on the other hand, IFN-b has a
beneficial effect in EAE by shifting the IL-12/-23/IL-10 balance in favor of
the regulatory cytokine. Another putative mechanism consists in altered
antigen presentation by reduced costimulation and decreased MHC class
II expression (Hartung et al., 2004).

4.2.3. Glatiramer acetate
GA, a synthetic amino acid copolymer with a certain cross-priming reac-
tivity of MBP-specific immune responses, has been shown to be effective
in suppressing and treating rodent EAE models induced with different
myelin proteins, and also in large trials in the human disease. In the light
of in vitro data from human T cell lines, the effector mechanism was
assumed to be a Th1–Th2 shift of GA/MBP-specific immune responses,
which suggested a model in which peripherally GA-activated Th2 cell
clones entered the CNS and exerted bystander suppression by MBP
activation. However, this in vitro effect on human T cell lines has never
been verified ex vivo in MS patients treated with GA. On the other hand,
there is in vitro data to suggest a blockade of the MHC binding site which
might result in reduced T cell activation in the CNS, though conclusive
ex vivo human data is lacking. Recently, there have been some investiga-
tions suggesting a neuroprotective effect by induction of brain-derived
neurotrophic factor (BDNF), but this might simply be an unspecific effect
of T cell activation, as neuroprotective factors have been shown to be
released in CNS injury models and in vitro activated T and B cells as well.
Taken together, all of these uncertainties raise more questions about the
mechanism of action for GA than have been answered so far, even if the
clinical effect of GA on disease progression in MS has been clearly proven
(Arnon et al., 1996).
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4.2.4. Mitoxantrone
Escalating MS treatment beyond immune modulation with the immuno-
suppressive anthracendione Mitoxantrone has been shown to be effective
in EAE and in different MS subtypes. The mode of action is quite straight-
forward, since Mitoxantrone, as a cell cycle-independent cytotoxic agent,
has profound inhibitory and also apoptotic effects on all hematopoietic
cells. B cell function, in particular, is severely impaired in MS patients
treated with Mitoxantrone, but T cell activation, proliferation and
cytokine production also plummet, and APC function seems severely
impaired. Unfortunately, because of severe side effects such as dose-
dependent cardiotoxicity, this regimen is reserved for specific cases and
even then cannot be administered on a lifetime basis (Fox, 2004).
4.3. New therapeutic concepts

Current research on new therapeutic regimens focuses on precise target
mechanisms rather than unspecific immunosuppression, as applied to
patients with autoimmune diseases in the past. However, it should be
taken into account that highly specific treatment approaches, such as
selected altered autoantigens or selected T cell receptor peptides, have
so far not resulted in clinical therapies (Bielekova et al., 2000). As in a
number of autoimmune diseases, several autoantigens seem to be respon-
sible. Furthermore, epitope spreading and promiscuous recognition by
the T cell receptor may (among other factors) explain the lack of an
antigen/HLA/T cell receptor-specific therapy despite extensive research.
Another important issue is the establishment of effective therapies that
can be given orally since most of the currently established therapeutic
agents must be administered intramuscularly, subcutaneously, or intra-
venously. Other therapeutic developments in MS aim to directly prevent
the ultimate damaging processes or to induce repair mechanisms of
neural cells. However, modern clinical research into better treatment
options approaches modulation of lymphocyte function in many different
ways—a result of our deeper understanding of the underlying neuroim-
munological concepts of MS, which we presented in the previous
chapters. Below, we will outline some of the most encouraging potential
therapies.
4.3.1. Interference with immune cell migration
4.3.1.1. Blocking VLA-4 One of the most promising new therapies which
have already entered clinical practice consists in interfering with integrin
function via the monoclonal antibodyNatalizumab. This antibody against
the VLA-4 a4-subchain, which is expressed on most mononuclear cells
upon activation, blocks adhesion to VCAM-1 on endothelial cells and
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dramatically limits lymphocyte trafficking across the blood–brain barrier
(Sheremata et al., 2005). Its beneficial effect in MS patients was shown in
two Phase III clinical trials, both as a monotherapy (Polman et al., 2006)
and as an add-on therapy to IFN-b-1a (Rudick et al., 2006). In both trials,
Natalizumab treatment led to a substantial and significant decrease of
relapse rate compared to placebo and a substantially lower proportion of
disease progression, which corresponded to a dramatically reduced pres-
ence of lymphocytes in the CSF. However, two MS patients in the trials
and one patient treated with Natalizumab in an independent study with
Morbus Crohn developed progressive multifocal leukoencephalopathy
(PML) during treatment (Kleinschmidt-DeMasters and Tyler, 2005;
Langer-Gould et al., 2005; Van Assche et al., 2005). PML is caused by the
reactivation and/or de novo infection of oligodendrocytes with JC virus,
which leads to a virus-induced progressive demyelination (Zurhein and
Chou, 1965) almost exclusively in severely immunosuppressed indivi-
duals (Berger et al., 1987). The JC virus is usually acquired in childhood,
leading to positive serum antibody levels in adults in more than 80% of
cases. It hibernates mainly in epithelial cells of the kidneys (Chesters et al.,
1983). The hypothesis has been formed that the absence of immune
surveillance produced by Natalizumab allows the JC virus to attack
oligodendrocytes, leading to a devastating clinical outcome. In support
of this hypothesis, one of the patients, diagnosed in time, was saved
simply by removal of the drug. Two of the three patients suffering from
PML had a history of another immunosuppressive therapy simultaneous
to therapy with Natalizumab, which means that the magnitude
of immune restraint was probably enhanced due to combination-
immunosuppressive therapy or a previously altered immune system.
Although initially withdrawn from the market, Natalizumab was reap-
proved by the FDA and EMEA. The dramatic clinical improvement of MS
might outweigh the risk of PML in selected, rapidly progressing MS
patients, thereby justifying Natalizumab treatment, especially if given as
a monotherapy.

4.3.1.2. Blocking sphingosine-1-phosphate receptors Sphingosine-1-phos-
phate (S1P) is a lysophospholipid that exerts a variety of effects on
survival and migratory behavior of many cell types (Rosen and Goetzl,
2005). It acts via a family of G-protein–coupled receptors, of which several
subtypes—namely lysophophatidic acid (LPA)(1) (LPA), LPA(2), and
LPA(4)—are predominantly expressed by B- and T cells. Fingolimod, or
FTY720, is a derivative of myriocin, an ingredient from fungus Isaria
sinclairii used in traditional Chinese medicine. It was only recently dis-
covered that fingolimod binds to S1P receptors, and preferentially to the
LPA(1) receptor after phosphorylation, hence allowing specific inhibition
of lymphocytic systemic migration (Brinkmann et al., 2002). The rationale
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for a therapeutic use in MS lies in the attempt to trap lymphocytes in
systemic lymphatic organs, thus blocking lymphocyte migration into the
CNS. Several studies with experimental autoimmune encephalitis
showed promising results, with substantial decreases in disease severity
when animals were treated with fingolimod (Fujino et al., 2003; Kataoka
et al., 2005; Webb et al., 2004). The beneficial effect of fingolimod treatment
compared to placebo was recently shown in a Phase II clinical trial. For
both the primary end point Gadolinium-enhancing MRI lesions and the
annual relapse rate, a significant and substantial reduction over placebo
was shown (Kappos et al., 2006). Following these promising results, a
Phase III clinical trial is currently being conducted. The fact that this
therapy is orally administered makes fingolimod one of the most eagerly
anticipated new options for MS treatment.

4.3.2. Interference with lymphocyte activation
4.3.2.1. Blocking IL-2 receptor IL-2 plays a key role in T cell activation and
proliferation at the site of inflammation. Daclizumab is a humanized
antibody against the a-chain of the IL-2 receptor (CD25) and limits T
cell expansion by blocking IL-2 signaling in T cells. Its potential in immu-
nomodulatory therapy was proven by its treatment of acute renal rejec-
tion after transplantation (Vincenti et al., 1998). After promising results in
EAE (Engelhardt et al., 1989; Hayosh and Swanborg, 1987; Rose et al.,
1991), a Phase II trial, designed as a pilot trial with a baseline-to-treatment
design, showed profound reduction of disease activity in MRI and signif-
icantly reduced clinical disease severity (Bielekova et al., 2004). In a
second trial, similarly beneficial results were observed (Rose et al., 2004).
Daclizumab is currently being investigated in a Phase III clinical trial.

4.3.2.2. Inhibiting T Cell cycle progression Blockade of the b-3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase (HMGCR) by inhibi-
tors (HMGCRI), also known as statins, results in interference with T cell
cycle progression and plays a beneficial role in chronic neuroinflamma-
tion (Aktas et al., 2003; Waiczies et al., 2005). The HMGCR pathway
utilizes several key enzymes to convert intermediary metabolites via a
series of sequential organic reactions (rearrangements, condensation reac-
tions, etc.) that finally lead to cholesterol synthesis. This pathway is a
source of hydrophobic molecules important for a wide range of inter- and
intracellular functions involving hormonal communication, protein syn-
thesis, electron transport, protein lipid modification for membrane
anchoring and intracellular signaling (via isoprenoids), and cell mem-
brane maintenance (via cholesterol). Previous studies demonstrating the
anti-inflammatory nature of statins revealed the possible benefits of
employing these agents for the treatment of inflammatory autoimmune
disorders such as MS or rheumatoid arthritis (RA). According to our data,
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and those of other groups, in vivo statin treatment prevented and reversed
disease progression in murine EAE (Aktas et al., 2003), collagen-induced
arthritis (CIA) (Leung et al., 2003), and systemic lupus erythematosus
(SLE) (Lawman et al., 2004). Leung and colleagues showed a marked
decrease in development of CIA following simvastatin therapy, using
doses that were unable to significantly alter cholesterol concentrations
in vivo. Together with Youssef et al. (2002), our group has reported that
atorvastatin prevents and reverses chronic and relapsing paralysis in
murine EAE by targeting Th1 cells. It has been proposed that statins are
therapeutically active in EAE by inducing the secretion of Th2 anti-
inflammatory cytokines (IL-4, IL-5, and IL-10) and transforming growth
factor (TGF)-b, and, conversely, by suppressing Th1 proinflammatory
cytokines (IL-2, IL-12, IFN-g, and TNF-a) (Aktas et al., 2003; Nath et al.,
2004; Youssef et al., 2002). Additionally, adoptive transfer of induced Th2
cells protected recipient mice from induction of EAE. In general, ex vivo
analysis of the diverse autoimmune animal models revealed a significant
suppression of autoantigen-specific Th1 humoral and cellular immune
responses following statin treatment. Based on these observations, and
the fact that statins are generally well-tolerated orally administered drugs
(Shepherd et al., 2004), a number of pilot clinical trials have been carried
out with patients suffering from autoimmune disorders. McCarey et al.
reported that in patients suffering with RA, atorvastatin reduced the rate
of the inflammatory variables C-reactive protein and erythrocyte sedi-
mentation by 50% and 28%, respectively, with a modest influence on
clinical disease manifestations (McCarey et al., 2004). In vivo, specifically
in animal models of autoimmune disease, HMGR inhibitors have been
reported to skew proinflammatory cytokines toward a regulatory/anti-
inflammatory phenotype. Atorvastatin promoted a cytokine shift toward
a Th2 phenotype, demonstrated in the expression of STAT6 phosphoryla-
tion and secreted Th2 cytokines (IL-4, IL-5, IL-10, and TGF-b) in treated
animals following ex vivo antigen stimulation. By contrast, STAT4 phos-
phorylation was inhibited and secretion of Th1 cytokines (IFN-g, IL-2, IL-
12, and TNF-a) was suppressed in these animals (Aktas et al., 2003; Nath
et al., 2004; Youssef et al., 2002). Since this experiment was in vitro, we do
not observe the dramatic skewing of Th subpopulations observed in EAE
(unpublished observation), and it is not yet clear whether this therapeutic
effect of HMGR inhibitors in the mouse can be extrapolated to the human
system. Importantly, adoptive transfer of Th cells from atorvastatin-
treated animals into recipients prevented the development of EAE
(Youssef et al., 2002).

It has also been reported that HMGCRI reduce inflammation and Th1
responses by inhibiting NF-kB activation (Leung et al., 2003). Moreover,
certain HMGCRI have been shown to inhibit T cell stimulation indepen-
dently of HMGCR, by interacting directly and allosterically with LFA-1
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(Weitz-Schmidt et al., 2001). In APC, namely B cells and macrophages,
HMGCRI inhibit the expression of HLA class II antigens in response to
IFN by suppressing the inducible promoter IV of the transactivator CIITA
(Kwak et al., 2000).

We have shown that HMGCRI decrease T cell proliferation by direct
TCR engagement (Aktas et al., 2003) and interference with cell cycle regu-
lation. This was represented by a downregulation of cyclin-dependent
kinase (CDK)-4 and upregulation of p27kip1, which had previously been
reported as the mechanism of action of statins only in mesangial cells
(Danesh et al., 2002). This view has been confirmed in initial clinical trials
demonstrating the benefit of statin therapy in MS (Vollmer et al., 2004).
Currently, several clinical trials are under way to further explore the
treatment effect of orally administered statins in MS, one of them in our
own laboratory utilizing atorvastatin.
4.3.2.3. Inhibition of pyrimidine de novo synthesis Teriflunomide, a leflu-
nomide metabolite for oral therapy, inhibits the de novo synthesis of
pyrimidines (O’Connor et al., 2006) and thus limits T- and B cell prolifera-
tion. Several other effects on the immune system were reported that can
be attributed to an additional inhibition of tyrosine kinase by leflunomide
(Herrmann et al., 2000), but their relevance for the therapeutic effect of
leflunomide is unclear. Inhibition of pyrimidine de novo synthesis seems
to favor blockade of Th1 cell over Th2 cell proliferation, which could
potentially be of value in MS therapy (Dimitrova et al., 2002). In experi-
mental immune neuritis and EAE, a beneficial effect of leflunomide and
teriflunomide was shown (Korn et al., 2001; Styren et al., 2004). Oral
therapy with teriflunomide in a randomized, double-blinded and
placebo-controlled Phase II clinical trial led to a significant reduction in
MRI activity in MS patients, and to positive effects on relapse rate and
disease progression (O’Connor et al., 2006). A Phase III clinical trial is
currently being conducted to test efficiency and adverse effects on a larger
clinical scale.
4.3.2.4. Blocking the CD40 costimulatory pathway Blocking the costimu-
latory pathway CD40L(CD154)-CD40 can inhibit stimulation and activa-
tion of proinflammatory T cells in the CNS (Howard and Miller, 2001;
Howard et al., 1999). The monoclonal antibody against CD40L/CD154 has
shown very promising effects in EAE (Grewal et al., 1996; Howard et al.,
2002). However, thrombembolic complications in first trials in humans
with this antibody (Kawai et al., 2000) delayed its introduction into clinical
practice. This effect had not been observed in EAE, as CD40L is not
expressed on murine but on human platelets. As a result, new trials
with coadministration of heparin were initiated and are still running.
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4.3.3. Depletion of defined cell subsets
4.3.3.1. Depleting CD20 positive cells of the B cell lineage CD20 is a trans-
membrane phosphoprotein that is expressed on B cells and pre-B cells but
not on long-lived plasma cells (Tedder et al., 1988). The monoclonal
antibody Rituximab, which is widely used in treating neoplastic B cell
diseases (Grillo-Lopez et al., 2002), leads to a depletion of CD20 expres-
sing cells via complement activation and probably cell-mediated cytotox-
icity (Kennedy et al., 2004) for a period of 6–12 months (Cree et al., 2005).
As autoantibody-mediated mechanisms are still under debate for MS
patients, particularly when unresponsive or only partially responsive to
standard treatment regimens, the rationale for the use of Rituximab in
MS therapy is to induce a potentially beneficial effect, especially in pro-
gressive MS, with some Phase II clinical trials still currently using
Rituximab as an add-on. Apart from the predominant role B cells play
in humoral immunity, they also contribute to the priming andmodulation
of T cell-dependent autoimmune responses. Indeed, in terms of antigen
presentation, it has been suggested that B cell cytokines might modulate
autoimmune processes, as selective depletion of IL-10 in B cells led to the
absence of remission in EAE (Fillatreau et al., 2002). This should be kept in
mind when interfering with B cell presence in the CNS.
4.3.3.2. Depletion of CD52 positive cells CD52 is expressed on the vast
majority of differentiated lymphocytes, monocytes, and macrophages.
Alemtuzumab, a humanized antibody against CD52 based on CAM-
PATH-1 (Hale et al., 1988), and utilized for lymphoma therapy, leads to
a transient but profound depletion of CD52 expressing cells. Interestingly,
the analysis of effects on different lymphocyte populations revealed a
profound depletion of CD4þ and CD8þ T cells, whereas B cell counts
increased. One clinical trial initially showed a positive effect on MRI
activity in treated MS patients (Moreau et al., 1994), but one-third of
patients developed antibody-mediated autoimmune thyroid disease
(Coles et al., 1999). Further monitoring of patients treated with this anti-
body revealed progressive brain and spinal cord atrophy associated with
clinical deterioration, though reduction of inflammatory activity in MRI
was sustained (Paolillo et al., 1999). In keeping with these findings,
patients in early stages of disease with frequent attacks seemed to benefit
from therapy, whereas patients in later stages of silent deterioration
showed virtually no benefit (Coles et al., 2006).
4.3.4. Expanding regulatory T cells
One very promising approach was the development of a superagonistic
CD28 antibody that could activate T cells without ligation of the T cell
receptor (Luhder et al., 2003). In animal models, it was shown that
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this approach preferentially stimulated and expanded regulatory
CD4þCD25þ T cells, proposing a beneficial effect for autoimmune disease,
in this case MS (Rodriguez-Palmero et al., 1999). Subsequently, it was
shown that a CD28 superagonist can be an effective treatment for EAE
by enhancing and promoting Treg function. However, when the huma-
nized version of the antibody (TGN1412) was tested recently in a Phase I
study, it led to extremely severe adverse events. Shortly after the first
administration of the drug serum, virtually all cytokines shot up to
immense levels in all six of the volunteers that received TGN1412. This
cytokine storm was followed by severe lymphocyte and monocyte deple-
tion, leaving the patients with multiorgan failure and permanent damage
(Suntharalingam et al., 2006). So far, the detailed mechanisms underlying
this event remain unclear, leaving us with a stark reminder of the caution
with which immunologic research data from animal models must be
translated, and the difficulties in advancing translational medicine.

Nevertheless, we think that the expansion, and also the functional
enhancement of Treg, is one of the most promising strategies in treating
autoimmunity. Even in an unimpaired immune system, autoreactive
T cells are part of the normal repertoire, but different types of Treg subsets
prevent autoimmune processes in health and disease. The greatest thera-
peutic challenge consists in selectively modulating these cells in vitrowith
the aim of restoring the immunologic balance in vivo. One of the major
problems of this approach lies in the necessity of antigen-specific reacti-
vation of these cells at the site of inflammation, or at least in proximity, to
exert their suppressor function. However, as in a number of autoimmune
diseases, no predominant autoantigen(s) have been identified, thus com-
plicating this approach. Finally, among other factors, epitope spreading
and promiscuous recognition by the T cell receptor may prove to be
further challenges along the way to the successful adoptive transfer, or
in vivo expansion, of effective Treg therapy for a sustained improvement
of chronic autoimmune disorders.
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Abstract Interferon-g (IFN-g) is crucial for immunity against intracellular
pathogens and for tumor control. However, aberrant IFN-g expres-

sion has been associated with a number of autoinflammatory and

autoimmune diseases. This cytokine is produced predominantly by

natural killer (NK) and natural killer T (NKT) cells as part of

the innate immune response, and by Th1 CD4 and CD8 cytotoxic

T lymphocyte (CTL) effector T cells once antigen-specific immunity

develops. Herein, we briefly review the functions of IFN-g, the cells
that produce it, the cell extrinsic signals that induce its production

and influence the differentiation of naı̈ve T cells into IFN-g-produc-
ing effector T cells, and the signaling pathways and transcription

factors that facilitate, induce, or repress production of this cytokine.

We then review and discuss recent insights regarding the

molecular regulation of IFN-g, focusing on work that has led to

the identification and characterization of distal regulatory elements

and epigenetic modifications with the IFN-g locus (Ifng) that govern
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its expression. The epigenetic modifications and three-dimensional

structure of the Ifng locus in naive CD4 T cells, and the modifica-

tions they undergo as these cells differentiate into effector T cells,

suggest a model whereby the chromatin architecture of Ifng is

poised to facilitate either rapid opening or silencing during Th1 or

Th2 differentiation, respectively.
1. INTRODUCTION

The canonical Th1 cytokine, interferon-g (IFN-g), is critical for innate and
adaptive immunity against viral and intracellular bacterial infections. In
humans, genetic deficiencies in the interleukin (IL)-12/IL-23/IFN-g path-
ways that result in decreased IFN-g induction or signaling are associated
with strikingly increased susceptibility to mycobacterial infections
(Filipe-Santos et al., 2006). Susceptibility to what are normally weakly
pathogenic mycobacterial strains is greatly increased in such patients,
whereas susceptibility to the more pathogenic mycobacteria that cause
leprosy and tuberculosis has been observed less frequently and primarily
in individuals with incomplete loss-of-function mutations in these path-
ways (Casanova and Abel, 2002). Systemic infections with Salmonella are
also more common (de Jong et al., 1998), but, unlike the risk for mycobacte-
rial infection, are most often observed in those with defects in IL-12/IL-23
production or signaling rather than IFN-g signaling; this difference suggests
that risk for Salmonella infection may result both from a defect in IFN-g
production and the production of other cytokines, like IL-17 (MacLennan
et al., 2004).

IFN-g is also involved in tumor control (Ikeda et al., 2002; Rosenzweig
andHolland, 2005). IFN-g directly enhances the immunogenicity of tumor
cells and stimulates the immune response against transformed cells.
Human tumors can evade this form of control by becoming unresponsive
to IFN-g (Kaplan et al., 1998).

Mice with targeted genetic deficiencies resulting in the loss of IFN-g
induction, production, or responsiveness are highly susceptible to infec-
tions due to intracellular bacteria, including mycobacteria, Salmonella
(John et al., 2002), Listeria (Harty and Bevan, 1995), intracellular proto-
zoans (including Toxoplasma and Leishmania), and certain viruses
(Dalton et al., 1993; Huang et al., 1993; Jouanguy et al., 1999). Such mice
also display a greater range, number, and aggressiveness of naturally
occurring and induced tumors (Kaplan et al., 1998).

The importance of IFN-g in the immune system stems in part from its
ability to inhibit viral replication directly, but most importantly derives
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from its immunostimulatory and immunomodulatory effects. IFN-g, either
directly or indirectly, upregulates both major histocompatibility complex
(MHC) class I and class II antigen presentation by increasing expression of
subunits ofMHC class I and IImolecules, TAP1/2, invariant chain, and the
expression and activity of the proteasome. IFN-g also contributes to mac-
rophage activation by increasing phagocytosis and priming the produc-
tion of proinflammatory cytokines and potent antimicrobials, including
superoxide radicals, nitric oxide, and hydrogen peroxide (Boehm et al.,
1997). As described below, IFN-g also controls the differentiation of naive
CD4 T cells into Th1 effectors, which mediate cellular immunity against
viral and intracellular bacterial infections. Although necessary for clearing
many types of infections, excess IFN-g has been associated with a patho-
genic role in chronic autoimmune and autoinflammatory diseases, includ-
ing inflammatory bowel disease, multiple sclerosis, and diabetes mellitus
(Bouma and Strober, 2003; Neurath et al., 2002; Skurkovich and
Skurkovich, 2003). IFN-g enhances lymphocyte recruitment and pro-
longed activation in tissues (Hill and Sarvetnick, 2002; Savinov et al.,
2001). Thus, the induction, duration, and amount of IFN-g produced
must be closely controlled and delicately balanced for optimum host
wellness.

The primary sources of IFN-g are natural killer (NK) cells and natural
killer T (NKT) cells, which are effectors of the innate immune response,
and CD8 and CD4 Th1 effector T cells of the adaptive immune system.
NK and NKT cells constitutively express IFN-g mRNA, which allows for
rapid induction and secretion of IFN-g on infection. In contrast to NK
and NKT cells, naive CD4 and CD8 T cells produce little IFN-g immedi-
ately following their initial activation. However, naive CD4 and CD8
T cells can gain the ability to efficiently transcribe the gene encoding
IFN-g (IFNG in humans and Ifng in mice) over several days in a process
that is dependent on their proliferation, differentiation, upregulation
of IFN-g-promoting transcription factors, and remodeling of chromatin
within the Ifng locus. Naive CD8 T cells are programmed to differentiate
into IFN-g-producing cytotoxic effectors by default, whereas CD4
T cells can differentiate into a number of effector lineages, of which only
Th1 CD4 effector T cells produce substantial amounts of IFN-g.
The process of effector differentiation in CD4 T cells, and to a
lesser extent in CD8 T cells, is influenced by the nature of the infecting
pathogen and the cytokine milieu emanating from the innate immune
system in response to the pathogen. These differences in priming
conditions in turn can result in stable changes to the chromatin structure
of the gene encoding IFN-g, either facilitating high-level expression in Th1
CD4 and CD8 effector T cells or silencing expression in other effector
lineages.
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2. IFN-g-PRODUCING CELLS

2.1. NK cells

NK cells are a key component of the innate immune system providing
early cellular defense against viruses and other intracellular pathogens,
and contributing to the early detection and destruction of transformed
host cells. NK cells develop in the bone marrow from a common lym-
phoid progenitor that also gives rise to B and T cells. NK cells express
inhibitory receptors that recognize MHC class I molecules, which are
expressed by all nucleated cells, serve as a marker for ‘‘self,’’ and inhibit
NK cell activation. Because antigen presentation via MHC class I is key to
the CD8 T cell response, pathogens frequently downregulate MHC class I
in an attempt to elude elimination by the CD8 T cell response; trans-
formed cells often have reduced or absent MHC class I as well. Loss of
MHC class I, in combination with binding of activating receptors to
ligands on infected or transformed cells, leads to NK cell activation.
Such activation causes NK cells to release cytotoxic granules containing
perforin and granzymes, which induce programmed cell death in the
target cell. Activated NK cells are also the primary rapid and potent
producers of IFN-g during the early innate immune response, which
contributes directly to the innate immune response and also shapes the
type and quality of the adaptive immune response that is subsequently
elicited. NK cells transcribe Ifng at the earliest stages of NK cell develop-
ment in the bone marrow. Ifng transcription increases during NK matu-
ration and is rapidly and potently induced by NK activation, which also
triggers translation and secretion of IFN-g (Stetson et al., 2003).
2.2. NKT cells

NKT cells share characteristics of both NK and T cell lineages in that they
express several activating and inhibitory receptors of the NK repertoire,
as well as a rearranged T cell receptor (TCR) in association with the CD3
signaling complex. Many NKT cells express the CD4 coreceptor and
surface markers associated with an activated ormemory T cell phenotype:
CD44hi, CD62Llo, CD69þ, and IL-25hi. The largest and best-characterized
population of NKT cells includes those expressing an invariant T cell
receptor (TCR) consisting of a rearranged Va14/Ja18 in the mouse and
Va24/Ja18 in humans. Invariant NKT cells recognize lipid antigens in the
context of the nonclassical MHC class I molecule CD1d. These cells are
derived from CD4þ CD8þ double-positive thymocytes (Egawa et al., 2005)
that have been positively selected in the thymus by endogenous CD1d
molecules presenting host-derived lipids (Gapin et al., 2001; Zhou et al.,
2004a). Mature invariant NKT cells are strongly reactive to the marine
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sponge-derived glycolipid a-galactosyl ceramide (a-GalCer) presented
by CD1d, and as such a-GalCer has been used as an immunostimulatory
molecule in mouse tumor and infection models (Gansert et al., 2003;
Kawano et al., 1997). NKT cells can be positively or negatively regulated
by an array of cellular and microbial lipids presented by CD1d
(Brutkiewicz, 2006), including phospholipids from Leishmania (Amprey
et al., 2004), mycobacterial lipids (Fischer et al., 2004), and lysosomal
glycosphingolipids (Zhou et al., 2004a). Invariant NKT cells contribute
to innate or preadaptive immunity to tumors and a range of infections,
and help to maintain self-tolerance and to prevent autoimmunity.
They do so by the rapid secretion of cytokines, including IFN-g,
tumor necrosis factor (TNF)-a, IL-4, IL-5, IL-13, granulocyte-macrophage
colony-stimulating factor (GM-CSF), and IL-2. Furthermore, NKT cells
are capable of Fas ligand- and perforin-dependent cytotoxic killing on
TCR stimulation (Kronenberg, 2005; Kronenberg and Gapin, 2002).
2.3. CD8 T cells

Effector and memory CD8 T cells—often referred to as CTL—are impor-
tant in the control of infection with viruses and certain other intracellular
pathogens, and transformed host cells (Glimcher et al., 2004; Harty et al.,
2000; Williams et al., 2006). CD8 CTL are activated by signals from the
TCR and costimulatory molecules in response to cognate MHC class I:
peptide complexes presented by infected cells. Similar to NK cells, CTL
mediate the destruction of target cells via the directed release of cytotoxic
granules containing perforin and granzymes onto an infected cell. Acti-
vated CD8 CTL also mediate target cell killing by the interaction of Fas
ligand with Fas on target cells. CD8 CTLs also produce copious amounts
of IFN-g in response to activation via the TCR or in response to IL-12 and
IL-18 (Glimcher et al., 2004). IFN-g in turn increases expression of
MHC class I, thus making infected cells more readily recognizable by
CD8 CTLs.
2.4. CD4 T cells play multiple roles in adaptive immunity

In contrast to CD8 T cells that are hardwired for cytolytic function and
IFN-g production, CD4 T cells can adopt a variety of functional effector
responses. At present, four distinct CD4 effector lineages have been
described: Th1, Th2, Th17, and regulatory T cells (Tregs), of which only
Th1 CD4 effector T cells produce large amounts of IFN-g (Dong, 2006;
Harrington et al., 2006; Murphy and Reiner, 2002; Weaver et al., 2006). The
contributions of Th1 and Th2 CD4 T cells to cell-mediated or antiparasitic
and humoral immunity, respectively, have been extensively studied



Regulation of Interferon-g During Immune Responses 47
(Murphy and Reiner, 2002). Th1 cells combat infection by intracellular
pathogens by producing IFN-g and IL-2 to stimulate and sustain an
effective cellular immune response. Th2 cells, on the other hand,
produce the cytokines IL-4, IL-5, and IL-13 that promote clearance of
infection by multicellular helminths. In mice, IL-4 and IL-5 secretion
induces antibody (Ab) class switching in activated B cells from IgM and
IgD to IgG1 and IgE and augments IgA production, respectively. IgG1
and IgA are functionally important for neutralization and targeting of
extracellular pathogens for phagocytosis and killing by macrophages and
neutrophils. IgE targets helminths for attack by eosinophils and triggers
the activation of mast cells, thereby inducing mucus secretion, smooth
muscle contraction, and vasodilatation to facilitate expulsion of hel-
minths, while also playing a predominant role in asthma and allergy
(Bischoff, 2007; Grimbaldeston et al., 2006). CD4 Th17 cells are thought
to protect against extracellular bacteria, particularly in the gut, by the
secretion of the cytokines IL-17a, IL-17f, and IL-22 (Liang et al., 2006). Th17
cells may also be primary mediators of experimental autoimmune
encephalomyelitis (EAE), a mouse model of multiple sclerosis, and of
psoriasis and inflammatory bowel disease. The fourth lineage of CD4
T cells, the Treg lineage, inhibits self-reactive adaptive responses that
cause autoimmunity. Natural Tregs appear to arise as a separate
lineage of CD4 T cells during thymic development (Sakaguchi, 2005).
In addition to these natural Tregs, other Tregs can also be induced from
naive CD4 T cell precursors as part of the adaptive immune response
(Lohr et al., 2006). Tregs dampen the immune response and prevent
autoimmunity by direct suppression via cell–cell contact of effector
T cells as well as by secretion of cytokines. Interestingly, Th17 cells
share overlapping developmental factors with Treg cells (Weaver et al.,
2006), suggesting that the generation of these two CD4 T cell lineages
must be finely balanced to provide protective immunity without undue
risk for autoimmunity.

As described more fully below, the lineage choice between Th1, Th2,
and Th17 is strongly influenced by the cytokine milieu produced by
dendritic cells (DCs) and other antigen-presenting cells (APCs) at the
time of T cell priming. Along with signals via the TCR and costimulatory
receptors, cytokine receptor signaling pathways then induce or upregu-
late expression of the lineage-specific transcription factors, T-box
expressed in T cells (T-bet), GATA-binding protein-3 (GATA-3), and reti-
noid orphan receptor-g T (ROR-gT), in developing Th1, Th2, and Th17
cells, respectively; these transcription factors appear to be the ‘‘master
regulators’’ of these respective cell fates. By contrast, Treg development,
commitment, and/or survival require the forkhead family transcription
factor, FoxP3 (Fontenot et al., 2005), though the mechanisms by which this
transcription factor acts are incompletely understood.
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3. SIGNALING PATHWAYS CONTROLLING IFN-g
PRODUCTION BY NK CELLS

3.1. NK receptors provide a dynamic rheostat to control
NK cell responses

The cytoplasmic storage of lytic granules and continual transcription of
effector cytokines, including Ifng, position NK cells to respond within
minutes to hours on activation, thereby contributing to early stages of
immunity to infection. A fine balance of activating and inhibitory recep-
tors are involved in the control of NK cell responses, and several of the
receptors and downstream signaling events are shared with receptors
fou nd in other ce lls such as T cells (reviewed by La nier, 2005 and Vivier
et al., 2004). Activating receptors recognize stress-induced ligands ex-
pressed on infected, damaged, or transformed cells and are balanced by
the function of inhibitory receptors, which bind classical and nonclassical
MHC class I molecules to prevent NK cell destruction of healthy host
cells. Damage, transformation, or infection can downregulate the expres-
sion of MHC class I molecules, reducing the strength of inhibitory signals
and contributing to NK cell activation. Inhibitory receptors contain
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that signal via
phosphorylated Src homology 2 domain tyrosine phosphatase-1 (SHP-1),
SHP-2, or SHIP to prevent sustained calcium signaling and decrease the
phosphorylation of a number of intracellular signaling molecules includ-
ing Syk, phospholipase C-g (PLC-g), Shc, Vav, zeta chain-associated pro-
tein kinase of 70 kDa (ZAP70), SH2-domain-containing leukocyte protein
of 76 kDa (SLP-76), and linker for activation of T cells (LAT). By contrast,
activating receptors include the Fcg receptor CD16, CD94/natural-killer
group 2, member C (NKG2C), CD94/NKG2E, and NKG2D, in addition to
Ly49H and Ly49D in the mouse, and in humans the short form killer
immunoglobulin receptors (KIRs). These activating receptors couple to
signaling adaptor molecules FcRg, CD3z, or DAP12 to transmit activating
signals into the cytoplasm via phosphorylation of immunoreceptor
tyrosine-based activating motifs (ITAMs), resulting in the activation of
protein tyrosine kinases (PTKs) of the Src family. Src PTKs then phos-
phorylate tyrosines on secondary PTKs of the Syk family, resulting in the
recruitment of a number of cytosolic adaptor molecules including SLP-76,
3BP2, and LAT, which in turn lead to the activation of downstream
signaling cascades, including mitogen-activated protein kinase (MAPK),
PLC-g, and the Son of sevenless (Sos)/Ras pathways. A fourth signaling
adaptor, DAP10 functions as a costimulatory molecule similar to CD28 on
the surface of T cells to activate Akt. Together, these signaling pathways
downstream of activating receptors lead to the induction of NK cell effec-
tor mechanisms, including the rapid release of cytotoxic molecules and
secretion of cytokines including IFN-g.
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The sign aling pathw ays leading to IFN- g sec retion have been
define d in vitro usin g a numbe r of pharm acological inhibitors and by
Ab cross -linking of activatin g recepto rs. NK cells appear to use distin ct
sign aling pathw ays to indu ce cytotoxici ty and cy tokine sec retion effector
mecha nisms, with the latter being mo re he avily depe ndent on MA PK
sign aling. Inhib ition of early sign aling even ts by blocki ng acti vation of
splee n tyrosine kinase (SYK) and Src kinase s, or downst ream even ts
inclu ding phos phoinos itol 3-kinase (PI3K ) and MA PK pat hways, greatl y
dec rease the ability of NK cells to pro duce IFN- g. More speci fically,
activatio n of MAPK pathway s invo lving extra cellular signal-regu lated
kinas e (ERK ) a nd p38 kinas es leads to cytoki ne secretio n, in part through
the activati on of Fos and Jun tran scriptio n factors. Furthermo re, Syk �/�
Zap70 �/� NK cells fail to prod uce IFN- g when stim ulated in vitro through
a numbe r of differen t activatin g recepto rs. IFN- g producti on in re sponse
to NKG2D activa tion speci fically requ ires DAP12/Syk and stimu lates
Jan us kinas e 2 ( JAK2 ), sign al tran sducers and activ ators of transcripti on
5 (STAT5) , PI3 K, and MA PK pathw ays to ind uce secreti on of IFN- g and
other cytokines . Final ly, calciu m flux is necessary for high-leve l IFN- g
pro duction in human NK cells in respon se to CD16 stimula tion (Tas si and
Col onna, 2005; Tass i et al., 2005 ).
3.2. IL-12 is a potent activator of IFN- g produ ction in NK cells

In ad dition to NK cell activatin g recepto rs, a nu mber of soluble and
contact-dependent signals contribute to the activation of NK cells
(revie wed by Newm an and Riley, 20 07), of wh ich secretio n of cytokine s
by infected cells and APCs are most well characterized. Among the
cytokines that activate NK cells are IL-12, IL-18, IL-2, IL-15, and type I
IFNs (IFN-a and IFN-b) (reviewed by Lieberman and Hunter, 2002).

IL-12, originally identified based on its ability to enhance NK cell
cytotoxic killing, has long been recognized for its ability to stimulate
IFN-g secretion by NK cells. Binding of IL-12 to its receptor activates the
transcription factor STAT4, which can facilitate IFN-g expression both
directly and indirectly by upregulating the expression of CD44 and
CD28 (Kobayashi et al., 1989). CD80/CD86 ligation of the CD28 molecule
on the surface of NK cells can activate the transcription factor NFkB and
affect several NK cell functions, including enhancing IFN-g production
in vitro as well as in response to infection in vivo (Fitzgerald et al., 2000;
Ghosh et al., 1993).

The ability of IL-12 to stimulate NK cell production of IFN-g can be
further increased by the presence of other soluble and cell-bound ligands,
including type I IFNs, TNF-a, and IL-18. Many of the synergistic stimuli
that enhance IL-12 activation of IFN-g production by NK cells share the
ability to activate the transcription factor NFkB or STAT4. Binding of
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IL-18 to its receptor activates NFkB and MAPK (Strengell et al., 2003),
and markedly augments IL-12-induced IFN-g production by NK cells
(Hoshino et al., 1999). IFN-g secreted by NK cells can bind to its receptor,
IFN-gR, thereby activating STAT1 and upregulating T-bet expression
(Afkarian et al., 2002). While this positive feedback loop is important
for Th1 effector differentiation, it only modestly influences subsequent
IFN-g secretion by NK cells (Lee et al., 2000). In addition to the IFN-gR, the
receptor for type I IFNs (IFNAR), signals through STAT1. STAT1�/�mice
show impaired resistance to viral infection and tumors and decreased
NK cytolytic function, but the ability of NK cells to secrete IFN-g ex vivo
inresponsetoIL-12stimulationisonlymarginallydiminished(Lee et al., 2000).

On viral infection, most nucleated cells produce type I IFNs (IFN-a
and IFN-b), which are distinct from the type II interferon, IFN-g. Type I
IFNs bind IFNAR on infected and neighboring cells, activating STAT1,
STAT2, and STAT4, which results in the inhibition of host and viral
protein synthesis, resistance to viral replication, and increased presenta-
tion of antigens by MHC class I (Decker et al., 2005; Lieberman and
Hunter, 2002). NK cell cytotoxicity is largely dependent on type I IFNs
(Nguyen et al., 2002a). IFN-b strongly enhances the cytotoxicity of human
(Gerosa et al., 2005; Hanabuchi et al., 2006; Marshall et al., 2006) and
murine NK cells (Hunter et al., 1997), but only modestly enhances IFN-g
production when used in combination with other stimuli and does not
enhance on its own. IFN-a treatment of primary NK cells or the human
NK-92 cell line induces low level, transient transcription of IFNG, which
peaks around 1 h after stimulation, whereas IL-12 stimulation results in
substantially longer and more robust IFNG transcription (Matikainen
et al., 2001). While neither IFN-a nor IL-18 alone can stimulate substantial
IFN-g secretion by human or mouse NK cells, the combination of these
two cytokines stimulates IFN-g production in amounts similar to IL-12
alone (Matikainen et al., 2001). These data suggest that IFN-a can activate
STAT4 in an IL-12-independent and transient manner that requires addi-
tional stimuli, either IL-12 or IL-18 to fully induce IFN-g secretion from
NK cells (Hunter et al., 1997).

Human plasmacytoid dendritic cells (pDCs) andmyeloid DCs (mDCs)
can respond to microbial stimuli, resulting in the release of cytokines that
influence NK cell viability and function. Furthermore, pDCs and mDCs
can provide accessory ligands that mediate NK cell activation. Activation
of pDCs via Toll-like receptor 9 (TLR9) by various CpGs oligonucleotides
stimulates the secretion of IFN-a and TNF-a. In human NK cells, IFN-a
and TNF-a can synergize to induce IFN-g secretion (Marshall et al., 2006).
In response to poly (I:C), mDCs induce IFN-g production by NK cells
through cell–cell contact and IL-12-dependent mechanisms (Gerosa et al.,
2005). Resting human NK cells, as well as T cells and macrophages,
express the glucocortoid-induced TNF receptor (GITR), stimulation of
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which promotes NK cell lytic function and IFN-g secretion in synergy
with IL-2, IFN-a, and NKG2D signaling (Hanabuchi et al., 2006).
The expression of the GITR ligand (GITRL) on the surface of activated
pDCs (Hanabuchi et al., 2006) provides additional evidence that NK cell
activation relies on accessory signals from DCs.
3.3. IL-15 and IL-2 regulate NK cell development and
contribute to IFN-g production

The development of mature NK cells requires IL-15 production from the
bone marrow stromal cells and monocytes (Carson et al., 1997; Puzanov
et al., 1996; Vosshenrich et al., 2005). In the secondary lymphoid tissues,
IL-15 is thought to be produced and trans-presented to NK cells by APCs,
thereby providing survival and/or proliferative signals necessary for
homeostatic maintenance of mature, peripheral NK cells, and priming
these cells for cytolytic activity and the production of IFN-g (Lucas et al.,
2007; Ma et al., 2006; Williams et al., 1998). Transfer of mature NK cells into
IL-15�/� or IL-15Ra�/� mice results in a dramatic loss of the transferred
NK cells (Cooper et al., 2002; Koka et al., 2003), further demonstrating the
need of NK cells for IL-15-induced survival signals. Like IL-12 and IFN-a,
IL-15 acts in concert with IL-18 to stimulate IFN-g production (Strengell
et al., 2003). IL-2, which shares the common b and g chains of its receptor
with IL-15, can also promote NK cell growth, differentiation, cytolytic
activity, and IFN-g production in vitro (Fujii et al., 1998). However, unlike
IL-15, IL-2 is dispensable for NK cell development and function in vivo.
IL-2 does not directly affect IL-12Rb2 expression (Wang et al., 1999) and
only minimally affects IFN-g secretion by mouse NK cells (Chang and
Aune, 2005), but exposure of NK cells to IL-2 prior to stimulation with
IL-12 increases expression of the IL-12Rb2, suggesting that IL-2 may
enhance NK response to IL-12 in vivo (Wang et al., 2000).
3.4. TGF-b is a negative regulator of IFN-g production and
NK cell development

While IL-2, IL-15, IL-12, IL-18, and type I IFNs promote IFN-g production
by NK cells, excess or prolonged production of IFN-g can lead to pro-
tracted inflammation and immune activation, resulting in inflammatory
and autoimmune pathologies. The immunoregulatory cytokine trans-
forming growth factor-b (TGF-b) inhibits the expression of IFN-g by NK
cells (Li et al., 2006b). TGF-b induces the phosphorylation of SMAD2
and/or SMAD3 signaling proteins, which then bind with a common
SMAD4 partner, translocate to the nucleus and bind to the promoters of
target genes and recruit activating or repressive complexes (Massague,
1998). As shown by chromatin immunoprecipitation (ChIP), SMAD3/4
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heterodimers can bind to the Ifng promoter and repress transcription (Yu
et al., 2006). In addition to directly inhibiting Ifng transcription, TGF-b
inhibits the expression of T-bet, STAT4, and IL-12Rb2 (Gorelik and
Flavell, 2000; Lin et al., 2005), all of which are important for IFN-g expres-
sion. In addition to blocking expression of IFN-g, TGF-b also has selective
effects on NK cell development and homeostasis. Mice with deficiencies
in TGF-b signaling in NK cells develop increased numbers of NK cells as
early as 3 weeks after birth (Laouar et al., 2005). dnTGF-bRII transgenic
mice also have higher frequencies of NK cells that are sustained much
longer after L. major infection than do control mice (Laouar et al., 2005).
IL-12, IL-15, and IL-18 decrease the ability of NK cells to respond to TGF-b
by decreasing transcription and surface expression of the receptor for
TGF-b and the SMAD2 and SMAD3 signaling molecules, and by partially
rescuing expression of the transcription factor T-bet. Furthermore,
enforced expression of T-bet in TGF-b-treated NK cells maintains IFN-g
production (Gorelik and Flavell, 2000; Yu et al., 2006).
4. CONTROL OF IFN-g PRODUCTION BY NKT CELLS

NKT cells are activated on TCR recognition of lipid antigens presented by
CD1d. The ability of NKT cells to produce large amounts of both Th1 and
Th2 cytokines is well documented and contrasts sharply with conven-
tional T cells, which produce one or the other. Nearly all unstimulated
NKT cells transcribe Ifng and Il4 (the gene encoding IL-4) and well over
half transcribe message for both cytokines (Matsuda et al., 2003; Stetson
et al., 2003), indicating that the transcription factors and epigenetic status
necessary for high-level expression of these cytokines are already in place
prior to stimulation of NKT cells. Nonetheless, exposure to IL-12 plus
IL-18 selectively induces the secretion of IFN-g in NKT cells (Nagarajan
and Kronenberg, 2007) as it does in NK cells and memory/effector Th1
and CD8 T cells. However, NKT cells from mice deficient for either the
IL-4R or IL-12R produce IFN-g and IL-4 in amounts similar to controls in
response to a-GalCer stimulation, which is not the case for conventional
T cells. As IL-12 and IL-4 play little role in influencing the types of
cytokines produced by NKT cells, it is not surprising that attempts to
‘‘polarize’’ NKT cells by varying the dose, route, or timing of antigen has
failed to alter the immediate cytokine profile (Matsuda et al., 2003). Thus,
it has been proposed that NKT cells are relatively fixed in their ability to
simultaneously express both Ifng and Il4.

The mechanisms that allow both classes of cytokines to be produced
by NKT cells remain poorly understood (Kronenberg, 2005). One possi-
bility is that only a fraction of NKT cells secretes IL-4 and another fraction
secretes IFN-g. In this model, the choice of cytokines secreted by an
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individual NKT cell could either be random, be determined by the differ-
ential activation of NK receptors on the surface of an individual NKT cell,
or be determined by differences in the structure of the lipopeptides
recognized by NKT cells, which in turn would result in qualitatively or
quantitatively different signals via the TCR. For example, reduced ali-
phatic chain length on derivatives of a-GalCer led to increased Th2
cytokine secretion but impaired IFN-g secretion as a result of reduced
activation of the NFkB transcription factor c-Rel (Oki et al., 2004), whereas
an analog of a-GalCer containing a carbon replacement resulted in
increased IFN-g secretion (Schmieg et al., 2003). Alternatively, there
could be subsets of NKT cells more poised toward the production of
IFN-g or IL-4. Finally, NKT cells may secrete both IFN-g and IL-4, as the
findings of Stetson et al. (2003) and Matsuda et al. (2003) suggest, and
the resulting modulation of the immune response may be in part due to
the differential induction of surface molecules, including those that are
involved in cell–cell interactions between NKT cells and other responding
cells such as NK cells or DCs.
5. SIGNALING PATHWAYS IN THE DIFFERENTIATION OF
CD4 AND CD8 T CELLS

As individual CD4 T cells commit to the Th1 or Th2 effector lineage to the
exclusion of the other lineage, they have provided a well-utilized model
in which to study cellular and molecular events involved in cell fate
choices. Much less is known regarding the Th17 fate choice, although
knowledge in this area is rapidly accruing. (For a review of Th17 differ-
entiation, see Harrington et al., 2006.) Th2 differentiation has also been
reviewed (Ansel et al., 2003, 2006; Barbulescu et al., 1998; Lee et al., 2006;
Szabo et al., 2003). Herein, we review the signaling pathways and cellular
events that lead to Th1 differentiation and IFN-g production, and draw
parallels to CD8 T cell effector development and IFN-g secretion.
5.1. Naive T cells require antigen stimulation for proliferation
and effector commitment

While NK and NKT cells are able to secrete IFN-g within hours of their
stimulation, differentiation of naive CD4 and CD8 T cells into efficient
IFN-g secreting cells requires several round of proliferation. While they
proliferate, environmental signals influence the expression and activation
status of specific receptors, downstream signaling molecules, and tran-
scription factors, which in turn allow these T cells to express IFN-g,
remodel the Ifng locus, and commit to the Th1 CD4, or CD8 CTL effector
lineage (Murphy and Reiner, 2002; Reiner, 2001; Reiner and Seder, 1999).
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For naı̈ve CD8 T cells, signals delivered from the TCR and costimula-
tory molecules induce differentiation into a fully committed CTL that is
capable of IFN-g secretion and direct killing of infected or transformed
cells expressing the cognate MHC class I:peptide complex. The directed
commitment of CD8 T cells to become IFN-g-producing CTLs is thought to
result from the constitutive expression of the T-bet paralog Eomesodermin
(Eomes) by naive CD8 T cells (Pearce et al., 2003).

By contrast, naive CD4 T cells are more plastic. When stimulated via
their TCR and costimulatory molecules, naive CD4 T cells transcribe and
produce substantial amount of IL-2 and also produce small amounts of
IFN-g and IL-4 (Grogan and Locksley, 2002), which may poise them to
adopt multiple effector phenotypes. The initial coactivation of the Ifng, Il4,
and Il2 cytokine genes in naive T cells occurs through the concerted
activation of constitutively expressed, and rapidly activated transcription
factors, including nuclear factor of activated T cells (NFATs), nuclear
factor kB (NFkB), and activator protein-1 (AP-1). This coactivation may
be facilitated by the juxtaposition of the genes encoding these cytokines
in the nuclei of naive T cells, even though these genes are located on
different chromosomes (Spilianakis et al., 2005).

Since their differentiation into Th1, Th2, or Th17 effector lineages
determines whether the ensuing immune response will be appropriate
for specific types of pathogens, it is appropriate that the dominant factor
governing these cell fate choices is the cytokine milieu produced by APCs,
which use TLRs and other cell surface and cytosolic recognition systems
to deduce the nature of the microbial threat and instruct T cell fate choice
accordingly (Pulendran and Ahmed, 2006). Other factors involved in
lineage choice are the nature of the APC and the magnitude of stimulation
via the TCR and costimulatory molecules, with stronger and longer sig-
naling, generally favoring Th1 development. However, the cytokine
milieu present during CD4 differentiation remains the best-characterized
and most vital influence on naive CD4 T cell priming and early
differentiation.
5.2. T cells require cytokine signals for sustained
IFN-g expression

Cytokines play an important role in IFN-g induction, maintenance, and
Th1 differentiation in CD4 T cells. While IFN-g production appears to be
relatively independent of cytokine signals in NKT cells, the importance of
IL-12, IL-18, and IFN-g itself have been well documented in CD4 and CD8
T cells as in NK cells, and many of the downstream signaling pathways
are shared among these cell types. The ability of other cytokines, such as
type I IFNs, to support IFN-g expression varies among these cell types,
as described below.
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Th1 development is heavily influenced by IFN-g produced by NK cells
and by IL-12 and IL-18 produced by DCs and other APCs. Binding of
IFN-g to its receptor on the surface of CD4 T cells leads to STAT1 phos-
phorylation and nuclear translocation, which in concert with signals from
the TCR and CD28 costimulatory molecules, induces T-bet (Lighvani
et al., 2001). The induction of IFN-g transcription and commitment to the
Th1 lineage by T-bet is facilitated by its ability to induce two additional
transcription factors, Hlx (Mullen et al., 2002) and Runx3 (Djuretic et al.,
2007). Runx3 binds cooperatively with T-bet at the Ifng promoter to
induce its transcription and to the Il4 silencer to extinguish its expression
(Djuretic et al., 2007). Hlx facilitates Ifng transcription and chromatin
accessibility at the Ifng promoter (Mullen et al., 2002) and helps to induce
the expression of the IL-12Rb2 chain (Afkarian et al., 2002). Binding of the
IL-12 p35 and p40 heterodimer to its receptor (IL-12Rb1 and IL-12Rb2) in
turn activates Jak2/Tyk2 and induces signals via phosphorylation and
nuclear translocation of STAT4 (Trinchieri et al., 2003), one effect of which
is to induce expression of the IL-18 receptor. IL-12 also activates p38
MAPK. Loss of p38a activity in T cells, either by use of a pharmacological
inhibitor or p38a-deficient cells, blocks IFN-g production in response to
cytokine stimulation but not TCR stimulation (Berenson et al., 2006b). The
combined signals from IFN-g, IL-12, and IL-18 maximize expansion and
optimal activation of Th1 cells (Grogan and Locksley, 2002; Ho and
Glimcher, 2002; Murphy and Reiner, 2002), facilitating their permanent
commitment to the Th1 lineage.

IFN-g acts in a positive feedback loop to facilitate its own expression
by T cells, as it does in NK cells. In response to activation of naive CD4 T
cells via the TCR and costimulatory molecules, the IFN-g receptor is
recruited to the immunologic synapse; this recruitment decreases signifi-
cantly in the presence of IL-4 and is weaker in naive CD4 T cells from Th2-
biased BALB/c mice compared to C57BL/6 mice (Maldonado et al., 2004).
The focused recruitment of IFN-g receptors to the synapse where IFN-g is
being secreted results in an autocrine, positive feedback loop facilitating
IFN-g production and Th1 lineage commitment (Maldonado et al., 2004).
While IFN-g is not required for the induction of Th1 cells, it plays a critical
role in suppressing the IL-4-producing potential of Th1 cells (Zhang et al.,
2001) and in maintaining the expression of T-bet during CD4 Th1 effector
commitment (Afkarian et al., 2002).

Type I IFNs have been implicated in the phosphorylation of STAT4
and Th1 differentiation by human CD4 T cells (Cho et al., 1996; Rogge
et al., 1997; Tyler et al., 2007). When combined with IL-18 stimulation,
IFN-a/b can drive acute IFN-g secretion by human CD4 T cells (Athie-
Morales et al., 2004; Brinkmann et al., 1993; Matikainen et al., 2001;
Parronchi et al., 1992; Sareneva et al., 1998, 2000). In human T and NK
cells, IFN-a stimulation upregulates MyD88 mRNA and synergizes with
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IL-12 to induce the IL-18 receptor complex, sensitizing these cells to low
concentrations of IL-18 (Sareneva et al., 2000). The role of type I IFNs in
murine CD4 Th1 development, however, is less clear, as STAT4 phos-
phorylation in response to IFN-a/b stimulation does not occur as effi-
cien tly in mo use T ce lls as it does in human T ce lls (Berenson et al., 2004a;
Farra r and Mu rphy, 2000; Farrar et al ., 2000a ,b ; Freu denbe rg et al., 2002;
Per sky et al., 20 05; Rogge et al., 1997, 1998 ; Szabo et al., 1997). As a resu lt,
mouse CD4 T cells are unable to secrete substantial amounts of IFN-g or
differentiate into Th1 effector cells in response to IFN-a/b stimulation
(Berenson et al., 2004a; Persky et al., 2005; Rogge et al., 1998; Wenner
et al., 1996). Thus, IL-12R but not type I IFNs can induce the sustained
STAT4 activation and IFN-g production signaling required for Th1 devel-
opment (Berenson et al., 2006a). In CD8 T cells, which are less dependent
on IL-12 for differentiation than CD4 T cells (Carter and Murphy, 1999),
IFN-a appears to be sufficient for clonal expansion and gain of cytotoxic
effector function on primary stimulation, but is still considerably less effec-
tive than IL-12 in facilitating their differentiation into efficient producers of
IFN-g (Curtsinger et al., 2005).

These differences in the ability of IFN-a/b to induce STAT4 phosphor-
ylation likely result from differences between human and murine T cells
in the recruitment of STAT4 to the IFNAR. In humans, STAT4 recruitment
to IFNAR is STAT2 dependent. However, the murine Stat2 gene contains
a carboxy-terminal minisatellite repeat not found in the human gene
(Farrar et al., 2000a; Park et al., 1999; Paulson et al., 1999). Expression of
mouse STAT2 in human STAT2�/� T cells failed to restore IFNa/b-
dependent STAT4 phosphorylation, demonstrating that mouse STAT2 is
not functional in human T cells. A chimeric murine N-terminal/human
C-terminal STAT2 gene did restore STAT4 phosphorylation in STAT2-
deficient human fibroblasts (Farrar et al., 2000a,b), but was unable to
support Th1 development or IFN-g production in response to type I
IFNs in transgenic mice (Persky et al., 2005). The N-terminal domain of
STAT4 was shown to interact with the cytoplasmic domain of the human
IFNAR2 subunit but not murine IFNAR2 (Tyler et al., 2007), suggesting
that differences in both IFNAR and STAT2 contribute to the impaired
STAT4 phosphorylation in murine T cells. Together, these data suggest
that in murine T cells type I IFNs are unable to induce an effective and
sustained STAT4 signal that is necessary for full commitment to IFN-g
production and Th1 differentiation.

While IL-12 is a potent regulator of Th1 immunity, two closely related
cytokine family members, IL-23 and IL-27, have been found to play
different roles in the development of CD4 effector lineages. Similar to
IL-12, IL-23 is produced by activated DCs and its receptor complex is
similarly upregulated on NK cells and activated/memory CD4 T cells,
DCs, and bone marrow-derived macrophages (Trinchieri et al., 2003).
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Early studies implicated IL-23 in later stages of Th1 development or
maintenance of IFN-g production (Oppmann et al., 2000), but IL-23 has
recently been shown to be involved in the survival and expansion of the
Th17 lineage of CD4 effector T cells (Dong, 2006; Weaver et al., 2006). IL-23
shares the p40 subunit with IL-12, which together with a unique p19
subunit signals through the IL-23 receptor containing the IL-12Rb1 and
IL-23R chains to induce activation of STAT3/STAT4 heterodimers, as com-
pared to the STAT4 homodimer that is induced in response to binding of
IL-12 to its receptor.

IL-27 synergizes with IL-12 and IL-18 to induce IFN-g production,
contributes to Th1 differentiation, and can induce the proliferation of
Th1 effector cells. IL-27 is a heterodimer expressed by virally infected
cells, activated macrophages, and DCs, and is composed of a p28 subunit
and an Epstein–Barr virus-induced gene 3 (EBI3) subunit. The receptor for
IL-27, composed of GP130 and T cell cytokine receptor (TCCR)/WSX-1
subunits, has strong homology to that of IL-12Rb2 and is expressed
primarily by NK cells and resting CD4 T cells. IL-27 activates both
STAT1 and STAT3 proteins; the activation of STAT1 in turn induces
T-bet expression, thereby facilitating IFN-g production and the differenti-
ation of naive CD4 T cells into IL-12-responsive, Th1 effectors (Pflanz
et al., 2002). Consequently, mice with deficiencies in IL-27 signaling show
diminished CD4 IFN-g production following primary immunization with
keyhole limpet hemocyanin protein (Yoshida et al., 2001) and increased
susceptibility to L. monocytogenes and Leishmania major (Chen et al., 2000;
Yoshida et al., 2001). However, while the tempo with which Th1 responses
develop in vivo is often delayed in IL-27 receptor-deficient mice, given
time, these mice ultimately mount Th1 responses in response to chronic
infection (Hunter, 2005), likely as a result of alternative pathways to
induce T-bet and to facilitate Th1 differentiation (e.g., via IFN-g and
IL-12). By contrast to its redundant role in Th1 development, IL-27 may be
essential for repressing the development of Th17 effectors (Hunter, 2005).
5.3. Other factors influencing Th1 lineage commitment

Notch signaling, an evolutionarily conserved pathway involved in cell
fate choices, also affects T cell differentiation and Th1 and Th2 effector
commitment. In mammals, there are four Notch receptors: Notch1,
Notch2, Notch3, and Notch4, and five canonical Notch ligands that can
be divided into the Jagged ligand family, containing Jagged1 and Jagged2,
and the Delta ligand family, containing Delta-like 1 (DLL1), DLL3, and
DLL4 (Baron, 2003). Notch ligands are expressed by APCs and, as
described above, TLR receptor recognition of pathogens by APCs likely
leads to differences in the expression of cytokines and accessory mole-
cules, such as Notch ligands, that provide early instructional signals to



58 Jamie R. Schoenborn and Christopher B. Wilson
differentiating CD4 T cells. Notch signaling is central to several of the cell
lineage choices made during T cell development, including T versus B cell
commitment, ab versus gd T cell choice, and whether to develop into a
CD4 or CD8 functionally mature T cell following selection (reviewed in
Osborne and Minter, 2006). A role for Notch receptors in T cell activation,
proliferation, and cytokine production has been established (Adler et al.,
2003; Palaga et al., 2003). Use of pharmacological inhibitors that
block Notch upregulation in response to TCR stimulation in mature CD4
and CD8 T cells significantly impaired T cell proliferation and IFN-g
production (Palaga et al., 2003).

Expression of Delta proteins by APCs during in vitro stimulation of
naive CD4 T cells favors differentiation into a Th1 cell fate, whereas Th2
development is favored when APCs express the alternate Jagged family
of Notch ligands (Amsen et al., 2004). These effects are largely indepen-
dent of cytokine signaling, suggesting that Notch signaling may have a
direct effect on the expression of IL-4 and IFN-g. Inhibition of Notch
function using a g-secretase inhibitor, which prevents cleavage of the
cytoplasmic portion of the Notch receptor, blocked T-bet expression and
Th1 commitment in Th1 conditions, but had no effect on developing Th2
cells (Minter et al., 2005). TCR stimulation of naive CD4 T cells in the
presence of a DLL1-Fc fusion protein was both necessary and sufficient to
significantly increase the expression T-bet and the number of cells secret-
ing IFN-g (Maekawa et al., 2003). Furthermore, naive CD4 T cells stimu-
lated in Th2 conditions in the presence of DLL1-Fc produced decreased
amounts of IL-4. Pretreatment of BALB/c mice with Delta1 prior to
L. major infection supported the development of a Th1-based immune
response, reducing the footpad swelling and promoting IFN-g secretion
by CD4 T cells. In good agreement with these data, pretreatment of
mice with the g-secretase inhibitor delayed the onset of disease in
the EAE mouse model of multiple sclerosis, as well as reduced the
severity of disease when continuously administered to affected mice
(Minter et al., 2005).
5.4. TGF-b and IL-6 negatively regulate IFN-g production and
Th1 development

Similar to NK cells, TGF-b is a potent antagonist of IFN-g secretion and
Th1 development by CD4 T cells. Mice deficient in TGF-b1 or its receptor
develop widespread autoimmunity characterized by uncontrolled CD4 T
cell activation and excess IFN-g production (Boivin et al., 1995; Gorelik
and Flavell, 2000; Kulkarni et al., 1993; Lucas et al., 2000; Shull et al., 1992).
TGF-b blocks Th1 differentiation by inhibiting expression of factors nec-
essary for Th1 development: T-bet, STAT4, IL-12Rb2, and IFN-g itself. The
SMAD3/4 heterodimers activated by TGF-bR signaling directly inhibit
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exp ression of the Th1 maste r reg ulator T-be t; conversely , the T-bet para-
log, Eome s, whic h is expres sed in NK ce lls and CD 8 T cells but no t in CD 4
T cells, is not downr egulated by SMA D3/4, allowin g these cells to main-
tain som e level of IFN- g pro duction even in the pres ence of TGF- b.
Studi es in transge nic mi ce expressin g a dom inant-n egativ e form of the
TGF- bRII und er the contro l of the CD 4 pro moter in T ce lls (Go relik and
Flav ell, 2 000 ), indica te that TG F-b sign aling in CD4 and NK cells serve s to
redu ce the number and functi on of Th1 effector ce lls in mi ce infecte d with
L. major . Thus, wh ile norm al BALB/c mice are susc eptible to L. major ,
dnTGF- bRII transge nic BALB/c mice generate greater numbers of
antige n-specific IFN- g-p roducing Th1 effecto r CD 4 T cells and exhibi t
dec reased footp ad swellin g and parasi te numbers ( Gorelik and Flav ell,
2000; La ouar et al ., 2005 ).

Ablatio n of TG F-b RII in T cells inhibi ts NKT cell devel opment and
CD 8 T ce ll maturati on in the thymus. The remain ing per ipheral T cells are
phe notypical ly activated Th1 effector CD4 T ce lls that expres s T-be t,
wh ereas the frequenc y of reg ulatory T cells, whic h requ ire TGF- b for
develo pment, is redu ced ( Li et al., 2006a ). Togeth er these data im plicate
TGF- b signal ing in variou s aspect s of NKT and T cell develo pment, IFN- g
pro duction, and homeos tasis.

IL-6 is prod uced by several cell ty pes incl uding macr ophag es, DC s,
and B ce lls and is invo lved in the differen tiation of B cells, macro phage s,
regu latory T cells, and Th17 CD4 effecto r T cells ( Diehl et al ., 2000 ). IL-6
also inhibi ts Th1 polarizat ion by facilitating NFAT -depend ent activati on
of the Il4 gene in naiv e CD 4 T ce lls and by potenti ating expres sion of the
suppres sor of cyto kine sign aling -1 (SOC S-1 ). SO CS-1 blocks sign aling
from the IFN- gR by pre venting the phospho rylatio n and subsequ ent
activatio n of STA T1 ( Diehl et al. , 2000 ).
5.5. IFN- g produ ction by memory T cells in response to
cytokine stimulation

Format ion of a long -lived pool of me mory T cells that are capab le of a
more rapid and robust immune response on reencounter with pathogens
forms the basis of vaccination and protective immunity. The ability of
memory T cells to mount an effective secondary response is due in part to
the increase in memory T cell precursor frequency compared to naive
T cell precursor frequencies. In addition, relative to naive T cells, memory
T cells have a lower activation threshold, enter the cell cycle more rapidly,
and are poised for rapid and potent secretion of IFN-g (reviewed by
Spren t and Surh, 2002). Effect or memo ry T cells, wh ich pri marily reside
in nonlymphoid tissues, are poised to provide immediate immunity on
antigenic reexposure. These cells constitutively express mRNA for Ifng
and other effector molecules (Bachmann et al., 1999; Cho et al., 1999;
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Stetson et al., 2003; Zimmermann et al., 1999), allowing them to secrete
IFN-g within hours of activation (Cho et al., 1999). The efficiency with
which memory CD8 T cells protect against reinfection has been demon-
strated by studies showing that the transfer of memory CD8 CTL into
IFN-g-deficient hosts that were subsequently infected with wild-type
Listeria monocytogenes provided greater protection than transferred
NK cells (Berg et al., 2005). Generation of memory CD8 T cells capable
of responding in a recall response is dependent on the presence of CD4
T cells and IL-2 during the primary response (Sun et al., 2004a), whereas
the subsequent maintenance of these cells is dependent, like NK cells, on
IL-15 (Nishimura et al., 2000; Schluns et al., 2002). The clonal expansion
and long-term survival of memory CD8 T cells is further influenced by
IL-12-dependent STAT4 activation during priming, which results in
increased expression of Bcl3 and Bcl2-related genes (Li et al., 2006c).

Unlike naive T cells, which require sustained antigen stimulation, cost-
imulation, and cytokine signals to differentiate into effector cells capable of
sustained robust expression of IFN-g, memory T cells can respond to
cytokine or antigen stimulation in the absence of costimulation. Stimulation
of human memory CD8 T cells with IL-12 and IL-18 is sufficient to induce
IFN-g secretion (Berg et al., 2003; Smeltz, 2007), which can be substantially
increased by addition of IL-15 (Smeltz, 2007). The ability of memory T cells
to secrete IFN-g in response to cytokine stimulation in amounts similar to
those induced by antigen stimulation is largely due to the fact that effector
and memory CD8 T cells express more IL-12Rb2, IL-18Ra, and IL-18Rb
than naive CD8 T cells (Berg et al., 2003; Raue et al., 2004).
6. TRANSCRIPTION FACTORS DOWNSTREAM OF THE TCR,
ACTIVATING NK RECEPTORS, AND CYTOKINE RECEPTORS

Signaling cascades relay information from receptors on the plasma mem-
brane through the cytoplasm and into the nucleus by inducing the expres-
sion, posttranslational modification, and/or nuclear translocation of
transcription factors. Transcription factors may activate expression
by recruiting RNA polymerase-containing complexes to target genes, by
recruiting protein complexes that alter chromatin structure such that the
binding of other transcriptional activators is facilitated, or by a combination
of these mechanisms; the converse is true for transcriptional repressors.

6.1. Factors downstream of the TCR, costimulatory, and
activating NK receptors

A number of ubiquitously expressed transcription factors are involved
in Ifng transcription-induced downstream of the TCR and costimulatory
molecules. These include members of the NFAT, NFkB, AP-1, ATF-CREB,



Regulation of Interferon-g During Immune Responses 61
C/EBP, and Ets families (reviewed by Lin and Weiss, 2001; Murph y et al. ,
2000; Szabo et al., 2003). Nearly all of these fact ors are also involv ed in Ifng
trans cription in NK ce lls ( Glimch er et al., 2004; Vivie r et al ., 2 004; Zom pi
and Colucci, 2005 ). Whil e T ce lls requ ire a ntigen stim ulation to expres s
Ifng mes sage, resting NK ce lls exp ress low amounts of this transcrip t
constitu tively (Stetso n et al., 2003 ). Thus, the role of these transcripti on
fact ors in Ifng ind uction in NK ce lls may be som ewhat differen t than in
T cells.

In T cells, cycli c AMP-resp onse eleme nt bin ding pro tein (CREB) is
rapi dly acti vated in res ponse to TCR stim ulation (Ba rton et al., 1996 ).
CREB may also be activated in re sponse to increase s in cAMP (reviewe d
by Kuo and Leide n, 1999). CREB binds as a homo dimer or hete rodimer in
conju nction with acti vating tran scriptio n factor (ATF ) prote ins. In res ting
T cells, CREB is maint ained in an inacti ve unp hospho rylated state that
can bin d DN A. Follo wing antig en stim ulation , CRE B bec omes pho s-
pho rylated on serine 133, allowing it to interac t with an essentia l coacti-
vator and histone ace tyltrans ferase, CREB bin ding pro tein (CBP). The
CREB –CBP co mplex can then recrui t and activate the basal tran scriptio nal
mach inery. By contras t to this positi ve role, CRE B binding to the IFNG
pro moter (Tab le 2.1 ) appear s to inhibit transcrip tion, appare ntly by inhi-
bitin g the binding of Jun/ATF2 comp lexes ( Pen ix et al., 1996 ), perhap s
contr ibuting to the kno wn inhi bitory ef fect of cAMP on IFN- g producti on.

Activ ation of T ce lls through the TCR and CD28 leads to the activati on
of the MAPKs Erk1 and Erk2, wh ich ind uces the transcrip tion factor Elk,
wh ich in turn upregulate s expres sion of the transcripti on factor c-Fos
(Don g et al., 2002; Lin and We iss, 2001). In addition , the c-Jun N-te rminal
kinas es 1 and 2 ( JNK1, JNK2) and p38 MA PKs are indu ced res ulting in
activatio n of c-Jun and ATF2, respec tively, wh ich resu lts in the formati on
of AP-1 , a heterodi mer of c-Fos and c-Jun, and of c-J un/ATF2 heterod i-
mers. Binding of these he terodime rs to the IFN G promote r helps to
activate tran scriptio n ( Penix et al ., 1996; Sica et al., 1997; Sweetser et al .,
1998 ). Consis tent with the im portanc e of ATF2, pharm acologi cal inhibi tors
of the MA PK p38 or dominan t-nega tive form s of this kinase inhib it IFN- g
pro duction by T and NK cells (Ber enson et al ., 2004b; Rinco n et al., 1998 ).

CCAAT/enhance r bin ding prote ins (C/EBPs) are a famil y of basic
leucine zippe r transcrip tion fact ors (Poli , 1998 ). Two C/EBP isoforms
have been described in lympho cytes: C/EBP g and C/EBP b. Whil e mo st
membe rs of the C/EBP famil y are relative ly limited in their tissue distr i-
but ion, C/EBP g is uni que in that it is ubiqu itously exp ressed and consti-
tutively active (Roman et al., 1990). C/EBPg can interact with other
transcription factors containing a leucine zipper region, and positively
or negatively influence their function. C/EBPg-deficient NK cells and
splenocytes produce �90% less IFN-g in response to IL-12 or IL-18 than
control cells (Kaisho et al., 1999). The reduced IFN-g secretion is not a



TABLE 2.1 Transcription factors that interact with the promoter and other regulatory elements governing Ifng expression and their

effects on expression

Transcription

factor Regions bound

Approach used to

demonstrate bindinga Effectsb Comments References

AP-1 IFNGc

promoter

in vitro A Barbulescu et al.,

1998
IfngCNS-6 in vitro A Penix et al., 1996

ATF2/c-Jun IFNG

promoter

in vitro A Penix et al., 1996

C/EBP IFNG

promoter

Inferred based on

effects on promoter-

driven reporter but

not shown directly

A, E Enhancement

requires

cooperation with

T-bet

Berberich-Siebelt

et al., 2000;

Tong et al., 2005

Ets-1 Ifng promoter ChIP A Enhances in
cooperation with

T-bet

Grenningloh et al.,
2005

NFAT IFNG/Ifng

promoter

in vitro, ChIP A Sica et al., 1997

IfngCNS-6

(IFNGCNS-

4 kb in

human)

ChIP Lee et al., 2004;

Sweetser et al.,

1998

NFkB Ifng promoter p50/50 by ChIP R Tato et al., 2006

IFNG

promoter

p50/65 in vitro A Sica et al., 1997

IFNG 1st

Intron

c-Rel in vitro A Sica et al., 1992

6
2



Runx3 Ifng Promoter ChIP A Djuretic et al., 2007

T-bet IFNG/Ifng

promoter

ChIP A, E Binds

cooperatively
to the Ifng

promoter with

Runx3

Lee et al., 2004

IfngCNS-54 ChIP Shnyreva et al., 2004

IfngCNS-34 ChIP Tong et al., 2005

IfngCNS-22 ChIP Chang and Aune,

2005

IfngCNS-6 ChIP Beima et al., 2006
IfngCNSþ
18/20

ChIP Djuretic et al., 2007;

Hatton et al., 2006

STAT 1, 3, 4, 5 IFNG

promoter

in vitro A Xu et al., 1996

IFNG 1st

intron

in vitro Barbulescu et al.,

1998

IFNGCNS-

4 kb

in vitro, ChIP Bream et al., 2004;

Gonsky et al., 2004;
Strengell et al., 2003

STAT6 Ifng

promoter

ChIP R Chang and Aune,

2007

CREB/ATF1 IFNG

promoter

in vitro R Inhibits ATF2

binding

Penix et al., 1996

(continued)6
3



TABLE 2.1 (continued )

Transcription

factor Regions bound

Approach used to

demonstrate bindinga Effectsb Comments References

YY1 Promoter in vitro A/R Sweetser et al., 1998;

Ye et al., 1996

SMAD3 IFNG

promoter

in vitro, ChIP R Also inhibits T-bet

promoter

Yu et al., 2006

GATA-3 IFNG

promoter

in vitro R Repression by

GATA-3 may be

indirect or be

mediated by
binding to these

regions and not are

recruitment of the

H3K27

methyltransferase

EZH2

Penix et al., 1993

Ifng

promoter

ChIP Kaminuma et al.,

2004
IfngCNS-54 ChIP Chang and Aune,

2007

a In vitro ¼ electromobility shift, in vitro footprinting, oligonucleotide DNA precipitation, and/or similar in vitro assay; ChIP ¼ chromatin immunoprecipitation.
b A ¼ transcriptional activator or coactivator; R ¼ transcriptional repressor or corepressor; E ¼ induces epigenetic modifications, such as histone acetylation or methylation or
changes in DNA methylation; many of these studies did not look for effects on epigenetic modifications; thus, factors in addition to those noted might also induce epigenetic
modifications.

c IFNG denotes the human gene and Ifng denotes the mouse gene.
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result of defects in the signaling pathways downstream of IL-12 or IL-18
receptors. Although the precise mechanism by which C/EBPg facilitates
IFN-g production was not demonstrated in these studies, these two tran-
scription factors synergistically activate the IFNG promoter and augment
IFN-g production, even in cells in which a critical cytosine in this regu-
latory element is methylated (Tong et al., 2005). However, in the absence
of T-bet, C/EBPb does not enhance and may inhibit transcription of Ifng
(Berberich-Siebelt et al., 2000; Tong et al., 2005), suggesting that the function
of C/EBP proteins in Ifng regulation is context dependent.

Multiple signaling pathways including the TCR, CD28, and IL-18
receptors converge on the NFkB/Rel family of transcription factors. The
five NFkB family members include RelA (p65), RelB, and c-Rel, which can
transactivate target genes when dimerized, and NFkB1 (p50) and NFkB2
(p52), which do not contain transactivation domains and on their own can
repress activation. NFkB proteins are maintained in an inactive form in
the cytoplasm by interaction with IkB proteins. T cell activation induces
IkB phosphorylation and degradation, which allows NFkB dimers to
translocate to the nucleus (Ghosh et al., 1998).

CD4 T cells that are unable to activate NFkB have decreased Th1
responses and IFN-g production (Aronica et al., 1999; Corn et al., 2003;
Tato et al., 2003). Furthermore, the number of CD4 T cells elicited in
response to infection by the Th1 pathogen Toxoplasm gondii in transgenic
mice expressing a degradation-resistant IkB-a is severely decreased, and
is associated with the inability of these cells to proliferate and produce
IFN-g. Cytolytic function and IFN-g secretion of NK cells from these mice
is also severely impaired (Tato et al., 2003). RelB-deficient CD4 T cells
have impaired T-bet and STAT4 expression resulting in very low IFN-g
secretion (Corn et al., 2005). Consistent with this, RelB-deficient mice are
more susceptible to infection with T. gondii (Caamano et al., 1999), and
have impaired NK cell cytotoxicity and IFN-g secretion, despite normal
IL-12 secretion by APCs (Caamano et al., 1999). c-Rel-deficient NK cells
also produce less IFN-g in response to stimulation with IL-12 and IL-2 (Tato
et al., 2006). In contrast, p50�/�NK cells proliferate and secrete more IFN-g
in response to IL-12 and IL-2 or T. gondii infection, suggesting that it may
function as a repressor of IFN-g. Consistent with this possibility, chromatin
immunoprecipitation (ChIP) assays show that p50 is bound to the murine
Ifng promoter in resting NK cells and binding diminishes in response to
IL-12 plus IL-18 (Tato et al., 2006). It is possible that this loss of p50 reflects its
replacement by other NFkB proteins that contain activating domains, but if
so, it is not c-Rel, because this factorwas not detected at the Ifngpromoter by
ChIP in stimulatedmurineNKcells (Tato et al., 2006). There are other sites in
the IFNG promoter and first intron to which NFkB proteins can bind, but
whether this occurs in situ is not known (Sica et al., 1992, 1997). Furthermore,
p50, p52, and RelB proteins are required for development of mature NKT
cells (Matsuda and Gapin, 2005; Sivakumar et al., 2003).
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There are five members of the NFAT family of transcription factors,
which are commonly referred to as NFAT1 (NFATp or NFATc2), NFAT2
(NFATc or NFATc1), NFAT3 (NFATc4), NFAT4 (NFATx orNFATc3), and
NFAT5, of which NFAT1, NFAT2, and NFAT3 are expressed in lympho-
cytes (Macian, 2005). NFAT proteins are maintained in an inactive, hyper-
phosphorylated formwithin the cytoplasm of resting cells. Following TCR
stimulation, sustained elevations in cytosolic calcium activate the phos-
phatase calcineurin, which dephosphorylates NFATs, resulting in their
rapid nuclear import and increased DNA binding affinity. NFAT signal-
ing processes are attenuated by the action of several kinases that phos-
phorylate NFATs, decreasing their DNA binding, and resulting in their
rapid export to the cytoplasm (Rao et al., 1997). NFAT proteins are capable
of binding DNA as homodimers or heterodimers and interact with several
other transcription factors, including AP-1 (Hogan et al., 2003), making it
difficult to assign a simple relationship between the activation of a specific
cytokine gene and individual NFAT family members. NFAT proteins can
bind to multiple sites within the IFNG promoter (Sica et al., 1997; Sweetser
et al., 1998) and to the upstream enhancer CNS1/IfngCNS-6 (Table 2.1)
(Lee et al., 2004), but the extent to which the effects of NFAT on Ifng
expression are mediated through these regions of the gene is not clear.

Mice with deficiencies in individual NFAT members have relatively
mild immunophenotypes (Macian, 2005). Although NFAT1 and NFAT2
are expressed both by Th1 and Th2 CD4 cells and can induce transcription
of either Ifng or Il4 (Monticelli and Rao, 2002; Ranger et al., 1998), NFAT1-
deficient CD4 T cells have more sustained IL-4 production following
stimulation, resulting in mild Th2-skewing, diminished-Th1 differentia-
tion, and decreased expression of IFN-g (Hodge et al., 1996; Kiani et al.,
1997; Monticelli and Rao, 2002). Enforced expression of a constitutively
active form of NFAT2 resulted in increased IFN-g production, strong Th1
skewing, and incomplete ability to commit to the Th2 effector lineage,
even in the presence of IL-4 and blocking antibodies to IL-12 and IFN-g
(Porter and Clipstone, 2002). Conversely, NFAT2-deficient T cells are
impaired in their ability to produce IL-4 and other Th2 cytokines
(Monticelli and Rao, 2002; Ranger et al., 1998). The immediate phase of
human NK cell activation through CD16 (FcgR3) is associated with
NFAT1 activation and binding to the Ifng promoter (Aramburu et al.,
1995). Within 2 h, expression of NFAT2 is increased, though its role in
IFN-g regulation is less clear (Aramburu et al., 1995), as is the role of
NFAT in IFN-g production by NKT cells (Wang et al., 2006).

Multiple signaling pathways, including MAPKs, PI3 kinases, and
calcium signaling, are able to activate the winged helix–loop–helix tran-
scription factors of the Ets family. Ets family transcription factors are
widely expressed and are important for developmental and cell fate
choices (Yordy and Muise-Helmericks, 2000). Ets-1 is the active form in
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resting T cells, in which it can regulate transcription from Ets-dependent
regulatory elements. Following T cell activation, Ets-1 becomes phos-
phorylated on four serine residues, which abrogates DNA binding, result-
ing in its rapid degradation (Yordy and Muise-Helmericks, 2000).
Ets1�/�Rag-2�/� chimeric mice have defects in thymocyte development
and numbers of peripheral lymphocytes, implicating Ets-1 in T cell devel-
opment (Barton et al., 1998; Bories et al., 1995; Muthusamy et al., 1995).
Furthermore, while the proportion of peripheral CD4 and CD8 T cells
are largely normal in Ets1�/�Rag-2�/� chimeric mice, they show
proliferative defects and increased apoptosis (Bories et al., 1995;
Muthusamy et al., 1995) and greatly impaired cytokine expression
(Grenningloh et al., 2005).

Ets-1 contributes to increased STAT4 and IL-12Rb2 expression in
developing Th1 cells, and is recruited to the Ifng promoter where it
collaborates with T-bet to enhance IFN-g expression (Grenningloh et al.,
2005). Ets-1-deficient CD4 T cells proliferate normally in response to TCR
stimulation but have dramatically impaired IFN-g and IL-2 secretion.
By contrast, the effect of Ets-1 deficiency on Th2 cytokine production
is more limited, suggesting that Ets-1 is primarily a Th1-specific tran-
scription factor. In good agreement with these data, while wild-type
CD4 T ells induced colitis following transfer into severe combined
immunodeficiency (SCID) recipients, Ets-1-deficient CD4 T cells did not
(Grenningloh et al., 2005).

Unlike CD4 T cells, which require Ets-1 transcription to activate the
Ifng promoter and upregulate IL-12Rb2 and STAT4 during Th1 develop-
ment, NK and NKT cells require Ets-1 for their development, prolifera-
tion, and survival (Bories et al., 1995; Muthusamy et al., 1995; Walunas
et al., 2000). Ets-1-deficient mice show a drastic reduction of splenic
NK cells, and those that do develop are severely impaired in their
cytolytic activity and ability to secrete IFN-g.

In addition to Ets-1, the Ets related molecule (ERM), and the interferon
response factor (IRF)-1 have been implicated in Th1 development or IFN-
g production by CD4 T cells. These factors are induced in response to IL-
12 in CD4 T cells (Ouyang et al., 1999). However, ERM only modestly
enhances Ifng expression (Ouyang et al., 1999), whereas IRF-1-deficient
mice have impaired Th1 responses in vivo (Lohoff et al., 1997). It is unclear
if IRF-1 acts downstream of IL-12 to enhance IFN-g production in T cells
in addition to its role in facilitating IL-12 production by APCs.

Tec kinases are a family of tyrosine kinases that are activated down-
stream of Src family kinases in response to signals from the TCR. TEC
kinases in turn phosphorylate PLC-g, a second messenger necessary for
sustained intracellular calcium release and activation of NFAT transcrip-
tion factors (Schwartzberg et al., 2005). The primary TEC kinases in
T lymphocytes and NK cells are Rlk (TXK in humans) and Itk, which
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contribute to Th1 and Th2 responses, respectively. Itk and Rlk are crucial
for the proper expression of Eomes and the subsequent development of
conventional CD8 T cells (Atherly et al., 2006; Berg, 2007; Broussard et al.,
2006). On stimulation, TXK can translocate to the nucleus, bind to the
human IFNG promoter (Kashiwakura et al., 1999; Takeba et al., 2002), and
enhance the expression of IFNG promoter-driven reporters (Kashiwakura
et al., 1999; Takeba et al., 2002). In naive mouse CD4 T cells, Rlk expression
is extinguished on activation of naive cells but is reexpressed when these
cells differentiate into Th1 effectors (Miller et al., 2004). However, Rlk-
deficient mice have only minor defects in IFN-g production or in their
response to the Th1-inducing pathogen, T. gondii (Schaeffer et al., 1999,
2001), although overexpression of Rlk in vivo is associated with Th1
skewing (Takeno et al., 2004). The extent to which the effects of TXK/Rlk
are mediated by interaction with the IFNG promoter, rather than by the
activation of NFAT, are unclear.
6.2. STATs are activated in response to cytokine
receptor signaling

STAT1 is activated by the binding of IFN-g, IL-27, and type I IFNs to their
receptors and appears to indirectly influence IFN-g expression predomi-
nantly by potentiating the expression of the transcription factor, T-bet
(Afkarian et al., 2002; Lighvani et al., 2001). STAT1 is the only STAT family
member activated by IFN-g, whereas IL-27 and type I IFNs also activate
STAT3 (Darnell et al., 1994; Velichko et al., 2002). Despite the ability of
multiple cytokine receptors to activate STAT1, only IFN-gR signaling is
sufficient to induce sustained expression of T-bet. Doing so creates a
positive feedback loop, allowing IFN-g produced by Th1 cells to provide
an autocrine signal back to the cell, thereby facilitating stable Th1 com-
mitment (Lighvani et al., 2001). Given the prominent role of STAT1 in the
induction of T-bet, it is surprising that Th1 responses develop in STAT1�/�
mice infectedwith lymphocytic choriomeningitis virus (LCMV) orT. gondii.
This finding may reflect the copious amounts of type I IFNs or IL-12/IL-27
produced, respectively, in response to these infections (Lieberman et al.,
2004; Nguyen et al., 2000). In the latter infection, STAT1-deficient CD4 and
CD8 T cells expressed T-bet, albeit at reduced levels, which in the presence
of high amounts of IL-12were sufficient to induce functional Th1 immunity.
Furthermore, in mice infected with murine cytomegalovirus (MCMV),
STAT1 was required for NK cell expansion and cytotoxicity but not for
IFN-g production (Nguyen et al., 2002a).

In contrast to STAT1, STAT4 is critical for Th1 lineage commitment
and sustained Th1 responses in vivo and for antigen-independent induc-
tion of IFN-g by IL-12 (Carter and Murphy, 1999; Kaplan et al., 1996;
Mullen et al., 2001). However, STAT4�/� T cells can produce low levels
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of IFN-g in response to activation via the TCR (Afkarian et al., 2002),
consistent with a role for STAT4 in amplifying rather than initiating
IFN-g production. Consistent with these in vitro findings, IFN-g produc-
ing CD4 T cell responses develop, albeit more weakly, in STAT4- and IL-
12-deficient mice in response to infection with L. monocytogenes and cer-
tain viruses (Brombacher et al., 1999; Nguyen et al., 2002b; Oxenius et al.,
1999; Schijns et al., 1998). Sustained Th1 immunity to T. gondii or L. major
requires continual expression of IL-12p40; and Th1 immunity can be
boosted in IL-12p35- and IL-12p40-deficient mice by provision of IL-12
in vivo (Park et al., 2000; Yap et al., 2000). Together, these data suggest that
ablation either of IFN-g signaling via STAT1 or of IL-12 signaling via
STAT4 impairs, but does not abolish, IFN-g production by CD4 T cells,
but that both of these transcription factors are necessary for robust and
sustained IFN-g production in response to infection in vivo. By contrast to
the importance of STAT4 for antigen-dependent and antigen-independent
IFN-g production by CD4 T cells, STAT4 is required in CD8 T cells only for
antigen-independent induction of IFN-g by IL-12 (Carter and Murphy,
1999). And while STAT4�/�mice show deficiencies in NK cell cytolysis of
target cells (Kaplan et al., 1996; Thierfelder et al., 1996) and are susceptible
to infection by T. gondii (Cai et al., 2000), their NK cells do secrete IFN-g,
albeit at reduced levels compared to controls, in response to IL-2 and IL-18
in vitro (Cai et al., 2000) and infection with MCMV in vivo (Nguyen
et al., 2002a). These findings suggest that additional STATs are able to
compensate in part for lack of IL-12 signals.

Signaling through the IL-2 and IL-15 receptors primarily activates
STAT5a and STAT5b, which facilitate NK cell survival, cytolytic activity,
and IFN-g production (Fujii et al., 1998; Ma et al., 2006). The effects of IL-2
and IL-15 on IFN-g in NK cells may be mediated in part by binding of
STAT5a and STAT5b to the upstream regulatory element IfngCNS-6/
IFNGCNS-4 kb (Table 2.1), respectively, since disruption of this STAT5
binding site abrogated IL-2-dependent stimulation of IFNG reporter con-
structs in human NK-92 cells in vitro (Bream et al., 2004). This site is also
responsive to STAT5 signaling downstream of CD2, a receptor expressed
on the surface of human NK cells and T cells (Gonsky et al., 2004).
Exposure to IL-2 has also been reported to activate STAT4 and the
MAPKs MKK/ERK in human NK cells (Wang et al., 1999; Yu et al.,
2000), consistent with the ability of IL-2 to prime for or induce low-level
IFN-g secretion. By contrast, another group identified a STAT5a-
dependent mechanism of Th1 inhibition involving the induction of
SOCS-3 (Takatori et al., 2005), which potently inhibited IL-12-induced
STAT4 activation in this study. Ablation of STAT5a resulted in increased
numbers of Th1 effector cells, particularly in Th2 conditions.

Activation of STAT3 in T and NK cells occurs in response to a variety
of cytokines, including IL-6, IL-12, IL-2, and IL-27 (Hibbert et al., 2003;
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Jacobson et al., 1995; Lucas et al., 2003; Sun et al., 2004b), of which IL-27 is
the most potent (Hibbert et al., 2003). However, STAT3�/� mice have no
defect in Th1 differentiation, either in IFN-g production or T-bet expres-
sion in CD4 T cells, but do have defects in Th17 development (Mathur
et al., 2007; Yang et al., 2007).
6.3. T-box family members are crucial for IFN-g secretion

T-bet, encoded by the Tbx21 gene, is the ‘‘master regulator’’ of Th1 develop-
ment. Enforced expression of T-bet in the EL4 T cell line or in primary naive
T cells markedly facilitates activation-induced IFN-g expression, and in
developing Th2 cells impairs the expression of IL-4 and IL-5 while activat-
ing IFN-g expression (Szabo et al., 2000). Conversely, T-bet-deficient CD4 T
cells produce little or no IFN-g evenwhen cultured in strongTh1 conditions.
In addition, T-bet-deficient mice on a normally resistant C57BL/6 back-
ground are unable to mount an effective Th1 immune response to immuni-
zation with protein antigens in the presence of strong, Th1-inducing
adjuvants or to infectionwithL.major orLCMV.Thesemice insteaddevelop
Th2 responses characterized by the production of IL-4 and IL-5 (Szabo et al.,
2002) These findings suggest that in addition to inducing Th1 development,
T-bet is necessary to block Th2 development, which it does so by binding
with Runx3 to the Il4 silencer and by blocking the interaction of GATA-3
with its target DNA sequences in the Il4 30 enhancer (Djuretic et al., 2007;
Usui et al., 2006). The interaction of T-bet with GATA-3 requires phosphor-
ylation of Tyr525 on T-bet by the kinase Itk. However, phosphorylation of
Tyr525 is not essential for T-bet to inhibit Th2 differentiation or to induce
Th1 differentiation (Hwang et al., 2005).

T-bet acts directly on the Ifng gene to facilitate its expression and does
so by binding to multiple sites within the Ifng promoter and within other
distal regulatory elements located upstream and downstream of the gene
(Table 2.1) (Chang and Aune, 2005; Cho et al., 2003; Hatton et al., 2006; Lee
et al., 2004; Shnyreva et al., 2004). T-bet works in concert with at least two
other factors to facilitate IFN-g expression and Th1 immunity: Runx
proteins and Hlx. Runx3 and Hlx are direct targets of T-bet, which induce
their expression, enabling them to work cooperatively in a feed-forward
loop that reinforces Th1 commitment (Singh and Pongubala, 2006). Runx
transcription factors are involved in many cellular differentiation pro-
cesses and have been implicated in CD4 expression and Th1 commitment
in T cells. Overexpression of Runx1 in naive CD4 T cells induces Th1
differentiation, whereas expression of a dominant-negative Runx1 favors
Th2 differentiation (Komine et al., 2003). Runx3, which is highly expressed
in Th1 and CD8 T cells, interacts with T-bet and binds cooperatively with
it to the Ifng promoter to activate its transcription, and to the Il4 silencer,
to repress its transcription (Djuretic et al., 2007).
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The homeobox gene Hlx is expressed by Th1 cells and works syner-
gistically with T-bet to increase the frequency of IFN-g-producing cells
and amount of IFN-g produced, as well as to enhance the expression of
T-bet and IL-12Rb2 (Mullen et al., 2002). Consistent with this notion, Hlx
transgenic mice express less IL-4Ra and generate increased frequencies of
IFN-g-producing cells under Th2-polarizing conditions than controls
(Zheng et al., 2004). In contrast, Hlx haploinsufficient CD4 T cells have
elevated expression of IL-4Ra and a Th2 bias (Mikhalkevich et al., 2006).

While T-bet is sufficient for IFN-g induction in CD4 T cells, IFN-g
production in CD8 T cells is induced through the concerted action of
T-bet and its paralog, Eomes; together they collaborate to assure proper
effector differentiation and maintenance of memory CD8 T cells (Pearce
et al., 2003). Eomes is expressed in naive and memory CD8 T cells and is
important for induction of IFN-g in these cells. As a consequence, IFN-g
production in response to TCR stimulation is normal in T-bet-deficient
CD8 T cells (Szabo et al., 2002). By contrast, IFN-g expression by CD8 T
cells is greatly impaired in the absence of Eomes, and this can be further
exacerbated by loss of T-bet, suggesting independent but overlapping
roles of these two transcription factors in IFN-g production (Intlekofer
et al., 2005). Similar to CD4 Th1 cells, T-bet expression in CD8 T cells is
increased by IL-12 in response to infection, whereas clearance of infection
and loss of IL-12 signals increases Eomes expression (Intlekofer et al.,
2005; Sullivan et al., 2003). Optimal expansion of effector CD8 T cells
requires IL-12-dependent induction of T-bet, as IL-12Ra–/–mice maintain
high levels of Eomes through primary infection and have reduced num-
bers of effector cells (Takemoto et al., 2006). Although T-bet deficiency
does not affect cytokine production by CD8 T cells in response to in vitro
stimulation with mitogens, antigen-specific IFN-g production by T-bet-
deficient CTLs following LCMV infection is impaired, suggesting T-bet
functions to regulate IFN-g production or to sustain IFN-g-producing
effector CD8 T cells in vivo (Sullivan et al., 2003). Perhaps consistent
with the latter possibility, Eomes, which is highly expressed by memory
CD8 T cell populations in both humans and mice, induces expression of
the high-affinity IL-15Ra chain (Intlekofer et al., 2005). Together, these
data indicate that in CD8 T cells, expression of genes associated with
effector function and migration are initiated by Eomes and augmented
by T-bet, whereas Eomes functions to induce genes associated with
self-renewal and homeostasis.

NK cells are poised to rapidly produce IFN-g immediately after acti-
vation, which is enabled by their constitutive expression of Ifng mRNA
(Stetson et al., 2003; Tato et al., 2004). Consistent with this finding, T-bet
and Eomes are constitutively expressed in NK cells (Szabo et al., 2002),
and the Ifng promoter in these cells displays epigenetic marks indicative
of transcriptionally permissive chromatin (Tato et al., 2004). In the absence
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of T-bet, NK cells have dramatically decreased IFN-g production and
cytolytic activity (Szabo et al., 2002). Surprisingly, T-bet and Eomes are
also required to maintain the expression of receptors necessary for NK
cell development (Intlekofer et al., 2005; Townsend et al., 2004). Eomes is
required for expression of the IL-15Ra, Eomes heterozygous mice show
substantially reduced frequencies of NK cells compared to wild-type
mice, and this defect can be further exacerbated by the loss of one
T-bet allele (Intlekofer et al., 2005).

While CD8 and NK cells express both Eomes and T-bet, only T-bet is
expressed byNKT cells and is crucial to their development. T-bet-deficient
mice are nearly devoid of NKT cells (Intlekofer et al., 2005; Townsend et al.,
2004), likely due to the lack of IL-2R/IL-15Rb (CD122), which is required
for IL-15-induced proliferation and survival of developing NKT cells
(Matsuda and Gapin, 2005). Ectopic expression of T-bet in developing
NKT cells results in increased expression of select genes associated with
their maturation, but expression of IFN-g, granzyme B and perforin are
only modestly enhanced (Matsuda et al., 2006). It is unknown how T-bet is
induced during NKT cell differentiation, as IFN-g�/�, IFN-gR�/�, and
STAT1�/� mice show no defects in NKT cell development or survival
(Townsend et al., 2004).
7. EPIGENETIC PROCESSES GOVERN PLASTICITY OF CELL
FATE CHOICES AND HELP TO IDENTIFY DISTAL
REGULATORY ELEMENTS

In principle, the transcription factors that function as ‘‘master regulators’’
of T and NK cell effector function could be both necessary and sufficient
for the initiation and faithful propagation of their respective effector
lineages. In practice, transcription factors must bind to their recognition
sites within regulatory elements and then recruit general transcriptional
activators or repressors to regulate gene transcription.

The ability of NK and NKT cells to rapidly produce substantial
amounts of IFN-g on stimulation derives from their constitutive expres-
sion of Eomes and T-bet (NK cells) or of T-bet alone (NKT cells), and the
fact that the regulatory elements to which these and other transcription
factors must bind in the Ifng locus are contained within accessible chro-
matin, thereby facilitating activation of Ifng transcription (Bream et al.,
2004; Chang and Aune, 2005; Stetson et al., 2003). This is not the case for
naive CD4 T cells, which can produce only small amounts of IFN-g
immediately following TCR stimulation and require multiple rounds of
cell division under appropriate conditions to gain the capacity to produce
IFN-g efficiently (Mullen et al., 2001). This lag reflects the time required for
these cells to induce the expression of T-bet, for T-bet to induce the
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expression of its partners Runx3 and Hlx, and for these factors together to
induce Ifng expression, to modify the chromatin of the Ifng locus to make
it more accessible, and to induce IL-12Rb2 and IL-18R. Naive CD8 T cells
are more efficient in gaining the capacity to produce substantial amounts
of IFN-g than naive CD4 T cells, reflecting, at least in part, their constitu-
tive expression of Eomes. Thus, the ability of T-bet and Eomes to induce
IFN-g expression and enforce the Th1 and CTL effector fates appears to
derive not only from the ability of these transcription factors to initiate the
transcription of Ifng and other target genes, but also from the ability of
these transcription factors to induce epigenetic modifications within the
Ifng gene to assure heritability of expression thereafter.

Eukaryotic cells face the challenge of fitting a genome consisting of
several billion nucleotides into a nucleus only microns in diameter, while
maintaining spatial organization and accessibility to factors that govern
the transcription, repair, and replication processes. This is achieved by the
association of DNA with proteins in chromatin, the basic unit of which is
the nucleosome, consisting of an octamer of histone proteins with two
copies each of H2A, H2B, H3, and H4, around which �150 bp of DNA is
wrapped (Felsenfeld and Groudine, 2003). Differences in nucleosome
composition, relative position and interactions with DNA, posttransla-
tional modifications to histone tails, and methylation of cytosines within
CpG dinucleotides of the DNA itself encode information without affect-
ing the underlying DNA sequence, and constitute the epigenetic code
of that cell. The epigenetic code influences transcription factor binding,
transcription initiation, and progression, and thus, along with transcrip-
tion factor abundance and activity, determines in a given cell whether a
gene is or can be expressed and to what degree. Unlike the fixed informa-
tion encoded by DNA sequence, epigenetic information is plastic but
potentially heritable, and thus can be propagated from parental cells to
daughter cells in a manner conducive to maintaining the overall program
of gene expression that characterizes a specific cell type.

These epigenetic modifications can be detected by several techniques,
and because they are often targeted to regulatory elements, these techni-
ques are one means by which to search for cis-regulatory elements
(Nardone et al., 2004; Wilson andMerkenschlager, 2006). Hypersensitivity
of specific sequences to digestion by low DNase I concentrations indicates
specific sites where nucleosomes have been displaced or their conforma-
tion altered, either reflecting or facilitating the binding of transcription
factors to important regulatory elements. Modification of histone tails
can provide a signal for the binding of protein complexes associated
with transcriptional activation or silencing. Among the histone modifica-
tions associated with permissiveness to gene transcription are acetylation
of lysines of histone H3 (AcH3) or H4 (AcH4) and di- or trimethylation
of histone H3 lysine 4 (H3-K4me2 or H3-K4me3). In contrast, di- or
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trimethylation of H3 lysine 27 (H3-K27me2/me3) or lysine 9 (H3-K9me2/me3)
are repressive marks characteristic of Polycomb-mediated repression and
heterochromatic silencing, respectively (Kouzarides, 2007). DNA methyla-
tion is mediated by DNAmethyltransferases and is linked to the formation
of repressive chromatin through the recruitment of proteins that mediate
transcriptionally silent histone modifications and ATP-dependent nucleo-
somal remodeling (Vire et al., 2006). These epigenetic modifications often
are found together in varying degrees; the extent of gene expression or
potential for gene expression is influenced by the combined contribution
of multiple epigenetic processes working in concert with transcription
factors and regulatory elements to activate or inhibit gene expression.

Changes in cytokine expression during Th1 and Th2 commitment by
CD4 T cells are associated with changes in the epigenetic modifications at
the Th2 cytokine locus and at the Ifng gene (Ansel et al., 2003, 2006; Lee
et al., 2006; Wilson and Merkenschlager, 2006). In general, both the
Il4/Il13/Il5 and Ifng loci are poised in naive CD4 cells containing epige-
netic modifications indicative both of transcriptional repression and
permissiveness. During Th1 development, the Ifng locus gains transcrip-
tionally favorable histone modifications, loses CpG methylation, and
thereby gains accessibility to binding of transcriptional activators, while
the Il4/Il13/Il5 locus gains repressive modifications including H3-K27me3.
Selected areas of the Ifng locus maintain accessibility in naive and Th2
cells, suggesting that these regions may play a role in preserving locus
plasticity in these cell types.
8. TRANSCRIPTIONAL REGULATORY ELEMENTS WITHIN
THE IFNG GENE

Wewill begin by reviewing the promoter and intronic regulatory elements,
the transcription factors binding to them, their functions, and the epige-
netic modifications to these regions that are typical of naive and effector
T cells and NK cells. Then in the following sections, we will discuss
newer information on the structure of the extended Ifng locus, distal
regulatory elements within the locus, and what is known regarding
their functions.
8.1. Regulatory elements within the Ifng promoter and gene

The Ifng gene is composed of four exons spanning�5.5 kb in humans and
rodents, upstream of which is its core �600 bp promoter. The binding of
transcription factors and the subsequent epigenetic and chromatin
changes within the Ifng gene have been studied in some detail. These
studies together with a number of functional assays have defined the Ifng
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pro moter and two intronic enhan cers ( Fig. 2.1 ). The Ifng promo ter direc ts
Th1- specif ic exp ression of transge nic rep orter constr ucts in vivo ( Young
et al., 1989; Zhu et al., 2001 ), wh ich is consis tent with the presence of
mult iple bin ding sites for T-be t in the promote r (Ch o et al., 2003 ) and
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FIGURE 2.1 The Ifng promoter, gene, and nearby regulatory regions in naı̈ve, Th1 and

Th2 CD4 T cells. In naive CD4 T cells, the Ifng promoter and gene lack histone H3 and H4
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the demonstration of T-bet binding to the promoter in Th1 cells by ChIP
(Beima et al., 2006; Chang and Aune, 2005; Hatton et al., 2006; Shnyreva
et al., 2004). In transgenic reporter assays, addition of introns 1 and 3
enhances expression from the Ifng promoter but abolishes Th1-specificity
by as yet unknown mechanisms (Young et al., 1989; Zhu et al., 2001).

In addition to T-bet, a number of other transcription factors can bind to
the Ifng promoter and/or introns 1 and 3 and transactivate reporter
constructs containing these elements, including AP-1, ATF-2/c-Jun,
Ets-1, NFkB, NFAT, STATs, and T-bet (reviewed in Murphy et al., 2000)
(Barbulescu et al., 1998; Glimcher et al., 2004; Persky et al., 2005; Szabo
et al., 2003). Conversely, CREB can bind to the promoter and inhibit
expression (Penix et al., 1996), as can GATA-3; repression by GATA-3
may be dependent on its ability to interact with and inhibit the function of
T-bet and STAT4 (Hwang et al., 2005; Kaminuma et al., 2004) and/or to
recruit the H3K27-methyltransferase and Polycomb protein EZH2 to Ifng
(Chang and Aune, 2007). YY1, a ubiquitously expressed transcription
factor has been reported to inhibit or facilitate expression driven by the
Ifng promoter (Sweetser et al., 1998; Ye et al., 1996). YY1 and other tran-
scription factors are also likely to mediate chromatin remodeling at the
Ifng promoter.

As noted above, naive T cells are poised to express low levels of Ifng
mRNA shortly after activation (Grogan and Locksley, 2002; Mullen et al.,
2002). In these cells, the Ifng promoter and introns lack transcriptionally
favorable or repressive histone marks, and CpG dinucleotides in the
introns are heavily methylated (Agarwal and Rao, 1998; Avni et al.,
2002; Fields et al., 2002; Mullen et al., 2002). Naive T cells also lack the
DNase I hypersensitive sites in the Ifng promoter (HS1) and introns 1
(HSII) and 3 (HSIII), which are characteristic of Th1 cells (Agarwal and
Rao, 1998). However, the Ifng promoter is demethylated in naive T cells
and is juxtaposed to the Th2 cytokine locus, perhaps creating a hub that
allows Ifng and Il4 to compete for limiting amounts of transcription acti-
vators present in naive T cells prior to lineage specification (Spilianakis
et al., 2005).

Initial activation of naive CD4 T cells results in the acetylation of
histones H3 and H4 in the Ifng promoter under Th0, Th1, and Th2 condi-
tions, but sustained acetylation and extension of acetylation further down-
stream into the gene is Th1 specific and requires STAT4 and T-bet (Avni
et al., 2002; Chang and Aune, 2005; Fields et al., 2002; Mullen et al., 2001).
Similarly, T-bet in concert with Hlx induces Th1-specific DNA demethyl-
ation that extends from the promoter into the intronic regions of the gene
and also induces DNase HSII and HSIII in introns 1 and 3 (Agarwal and
Rao, 1998). These actions are likely mediated in part by the binding of
T-bet to a T-box half-site immediately upstream of a C/EBP-AP1-ATF
site; together these transcription factors cause the dissociation of the
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mSin3a repressor, which is associated with histone deacetylase activity
(Tong et al., 2005). As noted above, Runx3 also binds cooperatively with
T-bet to the Ifng promoter (Djuretic et al., 2007). Th1 differentiation also
results in nucleosome remodeling at the Ifng promoter, as demonstrated
by the formationofDNaseHSI.This remodelingutilizes theATP-dependent
nucleosome remodeling complex Swi-SNF, including the subunit
Brg-1, which is recruited to the Ifng promoter in a STAT-4 dependent,
Th1-dependent manner and likely facilitates transcription factor binding
and/or the transit of RNA polymerase containing complexes required for
efficient transcription (Zhang and Boothby, 2006).

Th2 cells, as well as cells that are incapable of producing IFN-g, such as
fibroblasts and hepatocytes, exhibit extensive CpG methylation within
200 bp of the Ifng promoter (Schoenborn et al., 2007; Winders et al., 2004).
However, enforced expression of T-bet into terminally differentiated Th2
cells induces expression of IFN-g (Szabo et al., 2000). This may be due, in
part, to the ability of T-bet to bind to the Ifng promoter even when it is
methylated (Tong et al., 2005). These data demonstrate a mechanism by
which forced expression of T-bet in Th2 cells can override repressive
epigenetic modification to induce Ifng expression.

Consistent with the constitutive transcription of Ifng by NK cells and
their ability to rapidly produce large amounts of this cytokine, the Ifng
gene in NK cells displays permissive epigenetic marks similar to those
found in Th1 cells; DNase hypersensitive sites are present, histones are
acetylated, and intronic as well as promoter CpGs are demethylated
(Chang and Aune, 2007; Tato et al., 2004).
8.2. Identification of candidate distal regulatory elements in
the Ifng locus

In addition to the promoter, proper expression of mammalian genes is
dependent on other regulatory elements that may be located in the introns
or in upstream and downstream flanking sequences. These regulatory
elements may include enhancers, silencers, boundary elements, and locus
control regions, which can influence locus accessibility and the initiation
and maintenance of gene expression. Such elements are most commonly
located within 50–75 kb on either side of the gene they regulate, but may
be located up to hundreds of kb away. Thus, to fully understand the
regulation of a gene such as Ifng one must identify each of its regulatory
elements, characterize the function of these elements, and identify and
understand the actions of the transcription factors that bind to them.

As described above, Ifng is regulated in part through its promoter and
intronic regulatory elements, but these regions are not sufficient for proper
control (Young et al., 1989; Zhu et al., 2001) (Soutto et al., 2002; Young et al.,
1989). By contrast, a 191 kb bacterial artificial chromosome (BAC)
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containing the human IFNG gene and �90 kb of upstream and down-
stream flanking sequences resulted in high level, CD8- and Th1-specific
IFN-g production (Soutto et al., 2002), suggesting that distal transcriptional
regulatory elements are required for proper expression, the essential
elements are present within this extended region, and elements from the
human IFNG locus function properly in mice.

To identify additional regulatory elements, our lab and other
laboratories have utilized evolutionary conservation to distinguish two
conserved noncoding sequences (CNS) 6 kb upstream (known as CNS1
or IfngCNS-6) and 18–20 kb downstream (referred to as CNS2 or
IfngCNSþ 18–20) from the mouse Ifng promoter (Fig. 2.1); the region
analogous to IfngCNS-6 in mice is located �4 kb upstream in humans
(IFNGCNS-4 kb) (Bream et al., 2004). These CNS elements were subse-
quently shown to contain Th1-restricted permissive histone marks
and DNase hypersensitive sites and to enhance IFN-g expression in
reporter assays (Bream et al., 2004; Lee et al., 2004; Shnyreva et al., 2004).
Another group subsequently identified additional CNSs, some of which
were enriched in acetylated histones in Th1 effectors and/or NK cells,
extending >50 kb upstream and downstream of Ifng (Chang and Aune,
2005), suggesting that additional regulatory elements were present within
this region.

Unlike the Th2 cytokine locus, which consists of three coordinately
expressed cytokine genes and a housekeeping gene, the extended Ifng
locus contains up to two alternately expressed cytokine genes, a house-
keeping gene, and, in rodents, a series of genomic aberrations. In humans
and rodents, the Il22 and Mdm1 genes are located upstream of Ifng in the
same transcriptional orientation (Fig. 2.2).Mdm1, a housekeeping gene, is
expressed ubiquitously. Il22 encodes a proinflammatory member of the
IL-10 cytokine family (Wolk et al., 2004), which is most highly expressed
by activated Th17 CD4 T cells (Liang et al., 2006; Zheng et al., 2007). The
distance between Il22 and Ifng is much greater in the mouse than human
genome due to the presence of a complex set of structural rearrangements
and segmental duplications located between these genes in mice. This
region includes the Iltifb paralog, an inverted duplication of the Il22 gene
in which a portion of the promoter has been lost precluding its expression
(Dumoutier et al., 2000), and is flanked on either side by six highly
conserved short tandem sequence duplications. Iltifb is present in
C57BL/6 and 129 strain mice but not in the BALB/c or DBA/2 strains
nor in the rat. The gene encoding IL26, also a member of the IL-10 cytokine
family, is located between IL22 and IFNG in humans. Orthologs of IL26
are found in all vertebrates for which information is available but is not
present in rodents (Igawa et al., 2006), suggesting that the locus order
found in humans (MDM1 ! IL22 ! IL26 ! IFNG) is ancestral. Down-
stream of Ifng, no known coding genes are found for >500 kb, but a
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nonc oding antisense transcrip t, Tmevpg1 , extends to with in 100 kb of the
Ifng start site. Tmev pg1 is exp ressed by naı̈ve CD4, CD8, and NK ce lls and
is downr egulated on activatio n, suggesting a poten tial role in Ifng gene
regu lation (Vigneau et al., 2001, 2003 ). It is unknow n if there are differ-
ences in Tmevp g1 exp ression among mou se strain s or Th1, Th2, or Th17
cells.

Desp ite the striki ng differen ces in geno mic struct ure in the Ifng locus
bet ween rodents and hu mans, the pattern of Ifng exp ression is substa n-
tially sim ilar in thes e specie s, suggesti ng that mos t, if not all, regulator y
elemen ts need ed for proper exp ression are pro ximal to the reg ion where
synteny betwe en rod ents and other vertebrat e species is lost. Based in
part on this notion, sever al grou ps inclu ding our s have utilized bioi nfor-
matics and vario us experime ntal appr oaches to iden tify candi date reg u-
latory eleme nts extendin g over � 120 kb surroundi ng the Ifng locus
( Chang and Aun e, 2005; Hatto n et al., 2006; Sch oenborn et al ., 2007 ).
Eigh t CNS eleme nts were iden tified based on their exhibi ting > 70%
homol ogy bet ween human and C57BL/6 mou se for 100 or more base
pair s. Seve n of these eigh t CN Ss exhibi t differen tial epige netic mo difica-
tions in naive, Th1, Th2, and NK cells that sugge sted they might partici-
pate in the cis -regul ation of Ifng (Ch ang and Aune, 2005, 2007; Hatt on
et al., 2 006; Schoen born et al ., 2007 ).

In naive CD4 and CD8 T cells, these CNSs (like the Ifng promoter and
introns) lack the transcriptionally favorable histone modifications H3-K4me2

and AcH4 with two exceptions—low levels of H3-K4me2 are present at two
conserved regions termed IfngCNS-34 and IfngCNS-22 based on their dis-
tance in kilobases from the Ifng promoter (Fig. 2.3) (Ha tt on et al., 2006;
Schoenborn et al., 2007). Conversely, naive CD4 T cells have moderate
levels of the repressive histone modification H3-K27me3 in the region
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between IfngCNSþ 29 and IfngCNSþ 46 (Schoenborn et al., 2007). Interest-
ingly, in naive CD4 T cells these four CNSs lack CpG methylation, and two
of them, IfngCNS-34 and IfngCNSþ 46, have weak HS sites (hs-35 and hsþ
49/53) nearby but not directly associated with them, as mapped by a new
high-resolution method (Schoenborn et al., 2007). Together, the modifica-
tions found at these CNSs in naive T cells suggest that they may play an
early role in the initiation of Ifng activation or repression during CD4 T cell
functional differentiation.

Th1 differen tiation is as sociated with the acquis ition of DNase HS sites
at Ifng CNS-2 2, Ifng CNS-6, Ifng CN Sþ 18, and Ifng CNS þ 29, and discre te
peaks of enrichme nt for H3- K4me2 , AcH3, and AcH4 at these CN Ss and at
Ifng CNS-54 ( Fig. 2.3 ) (Hatton et al ., 2006; Lee et al., 2004; Sch oenborn et al .,
2007; Shn yreva et al., 2004 ). Ifng CNS-54, Ifng CN S-6, and Ifng CNS þ 18–20,
wh ich have me thylated CpGs in naive T cells, bec ome dem ethylated
duri ng Th1 differen tiation in paral lel with a co mplete loss of H3-K2 7 me3

in the Ifng locus (Sch oenborn et al., 20 07 ). Collect ively, thes e chan ges
resu lt in heighten ed tran scriptio nal accessi bility within the Ifng locus.
Per haps co unter intu itively, the Ifng pro moter and region s upstre am
and downst ream of the gen e, with the excep tion of the region from
Ifng CNS-34 and Ifng CNS-2 2, appear to ga in and retain, at least for several
day s, the typically rep ressiv e H3K9 me2 mark ( Chang and Aune, 2007 ),
wh ich here is associa ted with activ e transcripti on as it sometim es is
( Vakoc et al ., 2005 ). The gain in histo ne acety lation is largely STA T4-
and T-bet-dep endent (Ch ang and Aun e, 2005 ), and the gain of H3-K4 me2

and loss of H3- K27 me3 are largely T-bet-dep endent (ou r unp ublished
observ ations). Similarly , as naive CD 8 T cells differen tiate into CTL effec-
tors they gain histone acetylation and H3-K4me2 at conserved elements
(Zhou et al ., PN AS 20 04 and our unpubli shed observ ations). Consi stent
with their constitutive expression of IfngmRNA, freshly isolated NK cells
have modest amounts of AcH4 not only within the Ifng gene but also near
IfngCNS-22 and between IfngCNSþ 29 and IfngCNSþ 46 (Chang and
Aune, 2005). AcH4 increases at these sites and AcH4 is acquired at
IfngCNS-6 and at 50 kb downstream of the gene when NK cells are
cultured in IL-2 (Chang and Aune, 2005). In these studies, histone mod-
ifications were not examined at high resolution throughout the Ifng locus;
thus these modifications may be present at additional sites as well.
Together, these data suggest that in IFN-g-producing Th1 and CD8 effec-
tor T cells and in NK cells, multiple regulatory elements are made more
accessible as a means to facilitate Ifng expression. This is likely to be true
in NKT cells as well, but, to our knowledge, studies to test this possibility
have not been done.

Conversely, Th2 effector CD4 T cells must silence the expression of
Ifng, which they do both by altering the expression of key transcription
factors and the epigenetic modifications in the Ifng locus. In Th2 CD4
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T cells, the Ifng locus is marked by CpG methylation of the Ifng promoter
and absence of H3-K4me2, with the exception of modest enrichment at
IfngCNS-34 and IfngCNS-22 similar to that seen in naive CD4 T cells
(Fig. 2.3) (Hatton et al., 2006; Schoenborn et al., 2007). Furthermore, the
Ifng locus in Th2 CD4 T cells is extensively marked by the repressive
histone modifications H3-K27me2/me3 (Chang and Aune, 2007;
Schoenborn et al., 2007). While T-bet is crucial for inducing IFN-g expres-
sion, GATA-3 acts to silence Ifng. In developing Th2 effector T cells,
GATA-3 can bind to the promoter and intron 1 of Ifng, as well as
IfngCNS-54, and forced expression of GATA-3 in developing Th1 cells
inhibits Ifng transcription and results in the recruitment of the H3K27
methyltransferase EZH2 to the Ifng locus and the acquisition of H3-K27me2

and loss of the H3-K9me2, such that H3-K9me2 is only transiently present in
the Ifng locus in Th2 conditions (Chang and Aune, 2007). Since the
expression of Ifng is markedly repressed by day 7–8 in Th2 cells, the
finding that four distal elements (IfngCNS-34, IfngCNS-22, IfngCNSþ 29,
IfngCNSþ 46) remain completely demethylated during Th2 differentia-
tion suggests that CpG methylation of these elements is not required for
the initial repression of Ifng, though it cannot be excluded that these
elements may gain CpG methylation during extended culture. Remark-
ably, Th2 cells acquire a number of HS sites, including HSIII in intron 3
and HS-22 within IfngCNS-22 that are also found in Th1 but not in naive
CD4 T cells, as well as four strong Th2-specific HS sites located at HS-40,
HS-35, HSþ 8, and HSþ 26 (Fig. 2.3). In addition, HSþ 49 is strongest in
Th2 cells, intermediate in naive CD4 T cells and just above background in
Th1 cells, and a number of weaker sites located throughout the Ifng locus
are found exclusively in Th2 effector T cells. While the HS sites found
in Th1 cells are located within conserved sequences, nearly all of the
Th2-specific HS sites are adjacent to conserved sequences. The location
of these Th2-specific HS sites adjacent to CNSs may reflect nucleosome
sliding or displacement from nearby clustered regulatory elements
that are employed differentially in Th1 cells versus Th2 and naive CD4
T cells.
9. FUNCTIONAL ANALYSIS OF CANDIDATE DISTAL
REGULATORY ELEMENTS IN THE IFNG LOCUS

The ability of these CNSs to function as enhancers has been evaluated
primarily by in vitro transfection studies. In these studies, CNSs have been
linked to the Ifng gene or reporter genes driven by the Ifng promoter, and
their ability to enhance expression is determined following transfection of
these constructs into NK and T cell lines or into primary CD4 and CD8
T cells. IfngCNS-6 and IfngCNS-22 enhance Ifng expression in each of these
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cell types, whereas other IfngCNSs are more limited in their ability to
enhance expression (Fig. 2.3). IfngCNS-6, which contains dense CpG
methylation in naive T cells, becomes completely demethylated and
gains accessibility in Th1 and CD8 effector T cells (Lee et al., 2004;
Schoenborn et al., 2007; Shnyreva et al., 2004; Zhou et al., 2004b).
IfngCNS-6 appears to be responsive to T-bet and to signals downstream
of the TCR, which is consistent with the binding of T-bet and NFAT1 to
this element (Lee et al., 2004; Schoenborn et al., 2007; Shnyreva et al., 2004).
IfngCNS-22 has predicted binding sites for a number of transcription
factors involved in T cell development and effector function and is
demethylated and packaged in accessible chromatin in naive, Th1 and
Th2 CD4 T lineage cells. IfngCNS-22 is a T-bet-dependent enhancer that is
responsive to signals downstream of the TCR and to IL-12 plus IL-18
in vitro, with the latter function demonstrable in NK cells and Th0/Th1
cells but not in CD8 effectors (Hatton et al., 2006; Schoenborn et al., 2007).
The importance of IfngCNS-22 in IFN-g expression has also been demon-
strated in vivo (Hatton et al., 2006). Deletion of this element from a 160 kb
BAC in which a Thy1.1 reporter was inserted into exon 1 of murine Ifng
resulted in greatly reduced expression of this reporter in NK, CD8, and
CD4 Th1 T cells following activation via the TCR, ionomycin plus phorbol
myristate acetate (PMA), or IL-12 plus IL-18. These data demonstrate that
IfngCNS-22 is essential to assure proper, high-level expression of IFN-g
in vivo, and appears to be responsive to T-bet, STAT4, and NFkB.

Five other CNSs show less clear and consistent enhancer activity.
IfngCNS-34 enhances IFN-g production in stimulated, T-bet-transfected
EL4 cells, requiring the presence of two dimeric Brachyury cis-regulatory
elements in the distal Ifng promoter for its activity (Hatton et al., 2006;
Schoenborn et al., 2007). IfngCNS-34 also enhances Ifng expression in NK
cells and primary CD8 T cells in response to signals from the TCR or
ionomycin plus PMA, respectively. IfngCNS-54 exhibits enhancer activity
only in NK cells in which it has a modest ability to enhance IFN-g expres-
sion on its own that is increased in the presence of ionomycin plus PMA.
IfngCNSþ 29 enhances expression in EL-4 cells and primary Th0 CD4 T
cells in response to ionomycin plus PMA. IfngCNSþ 46 enhances basal
expression inNK cells, but this effect was not influenced by ionomycin plus
PMA or IL-12 plus IL-18, suggesting that this element may be responsive to
transcription factors constitutively expressed and active in NK cells.
IfngCNSþ 18–20 has very weak enhancer activity detected only in EL-4
cells stimulated with ionomycin alone (Shnyreva et al., 2004).

In addition to enhancers, proper expression of genes requires that they
be protected by boundary elements from the unwanted effects of regu-
latory elements associated with nearby genes and surrounding chromatin
domains (Valenzuela and Kamakaka, 2006; West and Fraser, 2005). Insu-
lators protect transcriptionally active genes from the negative effects of
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neighboring repressive chromatin or maintain a silenced locus despite
its location near transcriptionally permissive genes. Enhancer-blocking
elements are a second type of boundary element that function to shield
a promoter from the actions of distal enhancers, without preventing
more proximal enhancers from influencing the promoter (Gaszner and
Felsenfeld, 2006).

To date, four IfngCNS elements have demonstrated boundary element
function in in vitro assays (Fig. 2.3). In these studies, IfngCNSþ 46 acts as
an insulator, suggesting that it may form a functional 30 boundary of the
Ifng locus, keeping Ifng poised by limiting the intrusion of repressive
chromatin and/or encroachment by the downstream noncoding Tmevpg1
transcript (Vigneau et al., 2001, 2003). Naive CD4 T cells lack CpG meth-
ylation at IfngCNSþ 46 and contain two nearby HS sites (hsþ 49 and
hsþ 53); however, the surrounding histones are modestly enriched for
H3-K27me3. These two features are more prominent in Th2 cells and
markedly diminished in Th1 cells. The presence of H3-K27me3 has been
suggested to serve as a mark for regulatory regions poised for silencing on
differentiation (Bernstein et al., 2006). Thus, the region surrounding
IfngCNSþ 46 and HS sites (hsþ 49/hsþ 53) may also serve as a develop-
mental switch that protects Ifng locus accessibility in naive and Th1 CD4
T cells, but facilitates silencing in Th2 cells. By contrast, IfngCNS-54,
IfngCNS-34, and IfngCNS-22 exhibit enhancer-blocking activity, suggest-
ing that these three elements may serve as sequential barriers to segregate
Ifng from upstream transposable elements and segmental duplications
and from the regulatory elements associated with Il22 and Mdm1, or vice
versa. Thus, in addition to their ability to act as T-bet-dependent enhan-
cers in Th1 cells, IfngCNS-34 and IfngCNS-22 may serve a basal function
in protecting the locus from ectopic activation by surrounding elements.
However, with the exception of the demonstration that IfngCNS-22 is an
important enhancer in vivo, the actual contribution of these other distal
elements to proper Ifng expression will require further evaluation, using
transgenic and knockout approaches in vivo.
10. CONCLUSIONS AND FUTURE DIRECTIONS

IFN-g is crucial for immunity against viral and intracellular bacterial
infections and tumor control; however, aberrant IFN-g expression has
been associated with a number of autoinflammatory and autoimmune
diseases. During infection, the innate recognition of pathogens leads to
the production of IFN-g by NK and/or NKT cells, which in turn influences
the generation of IFN-g-producing CD4 and CD8 T cells. In NK and NKT
cells, the Ifng locus is open and accessible, allowing them to produce IFN-g
rapidly, in response to signals that activate STAT4, NFkB, and AP-1.
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In contrast, differentiation of CD8 and CD4 T cells into high IFN-g-
producing effector T cells takes longer and is more complex, requiring
the induction of transcription factors that facilitate IFN-g production,
remodel the Ifng locus and imprint on these cells an ‘‘epigenetic memory’’
of the context in which they first encountered antigen. This allows the
resulting memory T cells to retain the ability to faithfully reiterate the
correct effector program such that, on subsequent antigen encounter, that
effector program, and not an alternate program, is rapidly executed.

The past few years have brought much insight regarding the molecu-
lar regulation of IFN-g, particularly with the identification and in vitro
characterization of distal regulatory elements. When compared to the Th2
locus, the epigenetic modifications and three-dimensional structure of the
Ifng locus in naive CD4 T cells suggest a model whereby the chromatin
architecture of Ifng is poised to facilitate either rapid opening or silencing
during Th1 or Th2 differentiation, respectively. A number of recently
described enhancers, boundary elements, or dual-purpose elements in
the Ifng locus are likely to be involved in these changes and may function
by binding transcription factors, such as T-bet, Eomes, and STAT4
to enable Ifng expression, or by binding other factors, like GATA-3, to
silence Ifng. Future studies should provide more details and, through
deleting these regulatory elements from the endogenous locus, reveal
their functions in the most physiological context.
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Abstract The biological purpose of the mature, postthymic CD8þ T cell is to
respond to microbial antigens with a developmental program of

clonal expansion and concomitant differentiation leading to effec-

tor cells (TEFF) that provide antimicrobial defense. Because many

microbial infections persist into a chronic phase, this antigen-

stimulated developmental program must be capable of continually

generating TEFF, perhaps for the lifetime of the individual. This

chapter proposes that the ability of a CD8þ T cell clone to maintain

the continual production of TEFF during periods of persistent anti-

genic stimulation is based on a program that has two sequential

phases of clonal expansion: an initial stage that occurs mainly in the

secondary lymphoid tissues and is mediated by ligation of the T cell

receptor (TCR) and CD27, and a subsequent, IL-2-dependent phase

that occurs predominantly in peripheral, nonlymphoid tissues. The

TCR/CD27-dependent phase establishes a nondifferentiating, self-

renewing pool of clonally expanding cells, and the IL-2-dependent

phase mediates continued clonal expansion that is coupled to the

development of TEFF. The two pools are linked by the process of

asymmetrical division within the self-renewing subset so that, at

steady state of cellular replication in this TCR/CD27-dependent

subset, one daughter cell remains undifferentiated and the other

initiates its commitment to IL-2-dependent terminal differentia-

tion. Superimposed on this basic scheme are a shift in the CD8þ

T cell response to type I and II interferon (IFN) from anti- to pro-

proliferative and transcriptional control of replicative senescence

by Bmi-1, Blimp-1, and BCL6/BCL6b. This developmental program
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ensures that despite the occurrence of cellular senescence antiviral

CD8þ T cell clones are maintained for the duration of persistent

viral infections.
1. BACKGROUND

1.1. Introduction

Of the two biological challenges for the CD8þ T cell, maintaining the
continuous production of effector cells (TEFF) during persistent infec-
tions and preserving clones that have been selected during primary
infections for enhanced responses to subsequent infections, immunolo-
gists have tended to focus their efforts on explaining the basis for the
latter capability, perhaps because it holds the promise of leading to
improved vaccines. However, when considering whether it might be
more detrimental to the individual if the CD8þ T cell system could not
continually produce TEFF during persistent infections or could not main-
tain antigen-selected clones after a primary infection, it is clear that the
former circumstance would be disastrous, whereas the latter may or
may not be, depending on whether a secondary infection occurs. Some
have even argued that surviving the primary infection indicates that a
primary CD8þ T cell response for that microorganism is sufficient.
Furthermore, as immunological control of persistent viral infections is
often mainly mediated by CD8þ T cells while control of secondary viral
infections that lack a latent or persistent phase is often based on the
humoral response, the ability of the CD8þ T cell system to produce
continually TEFF may be more biologically important than is its ability
to persist in an apparently quiescent, yet alert state between acute infec-
tions. Understanding the signals that mediate continual replication of
CD8þ T cells in vivo without clonal senescence, if this is the mechanism
for long-term CD8þ T cell control of persistent viral infections, is not only
inherently interesting but also, by defining the rules for maintaining the
replicative function of the antigen-experienced CD8þ T cell, it may lead
to strategies for improved adoptive CD8þ T cell immunotherapy. There-
fore, the purpose of this chapter is to present an interpretation of
the literature in relation to the developmental program that enables the
CD8þ T cell system to cope with persistent microbial infections.

With this being the intention of the chapter, it is necessary to discuss
briefly the nomenclature used by investigators in the field of CD8þ T cell
biology. Despite the less compelling role for the CD8þ T cell system in
classical immunological memory, which is the ability to respond to a
second infection more effectively than to the first, the nomenclature of
the antigen-dependent phase of CD8þ T cell development is dominated
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by memory terminology. All CD8þ T cells generated during antigen-
dependent development, between the naive, antigen-inexperienced cell,
and the terminally differentiated cell, are referred to as memory cells,
even in the context of persistent infections where such terminology is
probably inappropriate. This usage is too common to change now, but by
defining the functional characteristics of each ‘‘memory’’ subset, the
potential role of that subset in persistent, as well as repetitive, infections
will become evident.
1.2. Subsets of antigen-selected CD8þ T cells: Central memory,
effector memory, and effector cells

In 1999, Lanzavecchia and his colleagues (Sallusto et al., 1999) reported
that four subsets of human peripheral blood CD8þ T cells could be
distinguished when assessed for the expression of CD45RA and the
chemokine receptor, CCR7. These were

1. A CD45RAþ, CCR7þ subset, which was considered to be composed
of naive cells because they had the naive CD45 isoform and lacked
potential effector functions, such as the capacity for rapid, T cell recep-
tor (TCR)-induced interferon (IFN)-g production and preformed
perforin.

2. A CD45RA�, CCR7þ subset, which was considered to represent
antigen-experienced cells because they lacked the naive CD45 isoform,
but, interestingly, resembled naive cells in lacking potential effector
functions. The expression of CCR7 would enable these cells to respond
to CCL21 in secondary lymphoid organs. Hence, these cells were
termed ‘‘central memory’’ T cells (TCM).

3. A CD45RA�, CCR7� subset that was considered also to include mem-
ory cells, but which differed from the TCM subset not only by lacking
expression of CCR7 but also in having a capacity for rapid, TCR-
induced IFN-g and preformed cytoplasmic granules containing per-
forin. The absence of CCR7 and expression of CCR5 implied impaired
homing to secondary lymphoid organs and, instead, more likely local-
ization to peripheral tissue sites where effector function would
be appropriate. Therefore, this population was termed the effector
memory (TEM) subset.

4. A fourth subset of CD45RAþ, CCR7� cells that also were capable of
rapid production of IFN-g and stained even more intensely for per-
forin. These were termed effector cells (TEFF) that had reverted to the
CD45RAþ isoform of naive cells, which is a characteristic of highly
differentiated, antigen-experienced cells (Michie et al., 1992).

This report also indicated that in vitro stimulation of CD4þ TCM caused
these cells to acquire a TEM phenotype, but that stimulation of CD4þ TEM
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did not induce a TCM phenotype. In vitro stimulation of naive CD4þ T cells
generated cells with a TCM phenotype. These findings suggested a path-
way of antigen-dependent development that was, naı̈ve ! TCM ! TEM,
proceeding from least to most differentiated with respect to effector
function. However, the relevance of in vitro to in vivo differentiation is
unclear, and this analysis was performed with CD4þ T cells rather than
CD8þ T cells.

Finding that homing potential correlated with effector function
suggested that antigen-dependent development of CD8þ T cells was
regulated rather than stochastic, and by defining distinct subsets of
antigen-experienced cells (Sallusto et al., 1999) implicitly raised important
questions of what the functions of the subsets are, and how these subsets
develop during cellular responses to acute and persistent infections. Left
unresolved by this study was the question of whether these subsets of
cells identified only by CD45 isoforms and CCR7 were themselves devel-
opmentally homogenous or even could be further subdivided, and
whether analysis of resting cells in peripheral blood could be extended,
without modification, to actively proliferating cells in lymphoid and
extralymphoid tissue. Nevertheless, in many ways this study has set the
agenda for research in the development of antigen-experienced CD8þ

T cells, which is remarkable in that it was a noninterventional study of
human lymphocytes rather than an interventional study of the murine
CD8þ T cell system.
1.3. Central memory CD8þ T cells generate new effector
CD8þ T cells

To establish the relevance of Sallusto et al. (1999) to the problem of how
CD8þ T cells generate new TEFF in persistent or recurrent infections,
subsets of murine memory CD8þ T cell subsets corresponding to the
human subsets needed to be identified and assessed for differences in
their replicative function when challenged by viral infection in vivo.
In 2003, Ahmed and his colleag ues (Wherr y et al., 2003 ) rep orted that in
mice that had been infected with Lymphocytic choriomeningitis virus
(LCMV) 2–3 months previously, two populations of memory CD8þ

T cells could be distinguished based on their relative expression of the
homing receptor, CD62L. The CD62Lhigh cells were CCR7þ and the
CD62Llow cells were CCR7�, so these two murine memory CD8þ T cell
populations appeared to correspond to the human TCM and TEM subsets, a
correlation that seemed reasonable since both CCR7 and CD62L promote
migration of cells from blood into secondary lymphoid organs. However,
the correspondence was not exact because the murine TCM and TEM both
were capable of rapid production of IFN-gwhile only human TEM but not
TCM had this function. Despite these differences, especially with respect to
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an important marker of effector differentiation, the CD62Lhigh memory
CD8þ T cell was considered to be equivalent to the human TCM and to be
developmentally distinct from the CD62Llowmemory CD8þ T cell, which
were termed TEM, even though both had the effector function of potential
IFN-g production.

Nevertheless, the distinction of LCMV-specific memory subsets by
relative CD62L expression was useful because after adoptive transfer
and challenge of recipient mice with relevant viruses, the two subsets
were functionally distinct. TCM provided more effective immunity to the
viral challenge than TEM and demonstrated greater clonal expansion and
generation of new TEFF, even though only a modest enhancement in
replicative function relative to TEMwas observed in vitro. This observation
that CD62Lhigh memory CD8þ TCM were more effective in secondary
clonal expansion than CD62Llow TEM has been confirmed in almost all
studies using a similar protocol of assessing adoptively transferred
memory cells obtained from mice that had resolved acute, primary
viral infections (Bachmann et al., 2005; Bouneaud et al., 2005; Marzo
et al., 2005). Perhaps even more importantly for the intent of this chapter,
this functional distinction even holds for CD8þ T cells specific for the
‘‘inflationary’’ immediate-early 1 (IE1) epitope taken from mice with
persistent infection with murine cytomegalovirus (mCMV) (Pahl-Seibert
et al., 2005) (see Section 2). Therefore, TCM are responsible for generating
new TEFF, whether taken from mice during antigen-free ‘‘memory’’
periods or during persistent viral infections in which there has been
continual antigenic stimulation.
1.4. Current models for development of antigen-stimulated
CD8þ T cells

With the discovery of heterogeneity in memory CD8þ T cells that, in
humans at least, was reflected by cells differing in their extent of effector
differentiation and in the mouse by cells with differing in vivo prolifera-
tive potential, two general proposals have been advanced to account for
the development of antigen-stimulated CD8þ T cells. The first was sug-
gested by analogy with the developmental pathways of other organ
systems, and postulated that, ‘‘A stem cell-like capacity for self-renewal
could be the basis for the continual generation of effector lymphocytes
from the memory pool’’ (Fearon et al., 2001). This stem cell stage would
provide the pool of replicating precursor cells from which could emerge
CD8þ T cells that commit to effector differentiation. These differentiating
cells would have limited replicative potential, but asymmetrical division
in the stem cell pool would insure maintenance of undifferentiated cells
with relatively unlimited replicative potential. Since the cytokine, IL-2,
was known to drive effector differentiation, clonal expansionmediated by
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IL-2 was considered to be responsible for generating the TEM and TEFF

subsets of antigen-experienced CD8þ T cells. Therefore, the existence
of an IL-2-independent pathway for CD8þ T cell clonal expansion was
proposed for the development of the self-renewing, nondifferentiating
pool of cells that would maintain replicative function (Fearon et al., 2006).
Being undifferentiated, the self-renewing cells would be contained
within the TCM subset, so the proposal was consistent with the apparent
precursor relationship of human CD4þ TCM to TEM/EFF (Sallusto et al.,
1999).

This stem cell model has been supported by recent findings of an IL-2-
independent pathway of clonal expansion for the CD8þ T cell that gen-
erates cells having a TCM phenotype and lacking effector functions (Carr
et al., 2006), which will be discussed in more detail in Section 4 , and by the
demonstration of asymmetrical division of CD8þ T cells in vivo (Chang
et al., 2007). Asymmetrical division, which is central to the concept of a
self-renewing cell, was supported in this study by the finding that at the
first cellular division of CD8þ T cells in response to microbial antigenic
challenge, one daughter cell contained granzyme B, was capable of IFN-g
production, exhibited short-term host defense, but had diminished long-
term protective capability, while the other daughter cell lacked immediate
effector functions but had better long-term antimicrobial activity, possibly
reflecting better replicative function, although this was not shown.

The second, and perhaps more generally accepted model is termed
‘‘linear differentiation,’’ and was presented as a consequence of finding
that memory CD8þ T cells with a TCM phenotype had better secondary
proliferative function than did TEM cells and that TCM apparently could
not be detected during acute, primary CD8þ T cell clonal expansion
(Wherry et al., 2003). Adoptive transfer to naive recipients of LCMV-
specific CD8þ T cells taken from mice at various times during and after
acute LCMV infection followed by viral challenge showed that CD8þ

T cells with secondary proliferative function were not detectable at the
peak of the acute primary response, when many TEFF were present, but
gradually appeared during the weeks following resolution of the primary
infection. As this coincided with a change in phenotype of the LCMV-
specific CD8þ T cells from TEFF/EM (CD62Llow) to TCM (CD62Lhigh), the
authors concluded, ‘‘Thus, the findings of our study and the proposed
model of linear differentiation (Naı̈ve! Effector! TEM! TCM) are likely
to provide the paradigm for acute infections. We propose that this will be
the natural course of memory T cell differentiation in the absence of
antigen. It is possible, however, that under certain conditions, especially
chronic infections where antigen persists at high amounts, one may see a
different pattern of memory T cell differentiation.’’ The latter comment
refers to the phenomenon of ‘‘exhaustion’’ of CD8þ T cells in mice
infected with clone 13 LCMV. High levels of virus persist beyond the
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acute phase of infection, and antigen-specific CD8þ T cells demonstrate
impaired TCR signaling and an inability to replicate, perhaps because of
the expression of the inhibitory receptor PD-1 (Barber et al., 2006) or
excessive IL-10 production (Brooks et al., 2006). However, these interest-
ing observations may not be relevant to the response of the CD8þ T cell
system to other persistent viral infections in which CD8þ T cells do
maintain an ability to generate new TEFF, as will be discussed in Section 2.

Perhaps the most controversial aspect of the linear differentiation
pathway is its requirement that antigen-experienced CD8þ T cells be
capable of dedifferentiation in the absence of antigenic stimulation, with
a gradual loss of effector function and regaining of a level of proliferative
function that is at least equivalent to that of the naive CD8þ T cell.
Although the findings in this study (Wherry et al., 2003) seemed to indicate
that dedifferentiation occurred, and the complexity of dealing with
diverse and changing microbial targets has often selected for unique
biological capabilities in the adaptive immune system, such a capability
would be unusual in a general developmental biology context. Further-
more, a subsequent study reported that cells that had converted their
CD62L phenotype during the memory phase did not have replicative
function (Bouneaud et al., 2005), another found that antigen-specific
CD62Lhigh, CD8þ T cells with high proliferative function could be
found during the peak of the primary response (Bachmann et al., 2005),
and a third concluded that a capacity for conversion from TEM to TCMmay
reflect incomplete differentiation (Marzo et al., 2005). Moreover, in addi-
tion to differentiation-associated changes in transcription of the CD62L
gene, low expression of CD62L may be induced by TCR-induced,
metalloproteinase-mediated cleavage of the ectodomain of CD62L,
which is reversible if further changes in the developmental status of the
cell have not occurred (Chao et al., 1997; Jung et al., 1988). Finally, cells with
a TCM phenotype survive better than do those with TEM and TEFF pheno-
types, perhaps because they maintain expression of CD127, the IL-7Ra
chain (Kaech et al., 2003; Schluns et al., 2000), and the gradual increase in
the TCM/TEM ratio during the memory phase could also have been caused
by the homeostatic expansion of TCM in response to IL-15 (Becker et al.,
2002; Goldrath et al., 2002; Tan et al., 2002). Therefore, although dediffer-
entiation might occur with a ‘‘transitional’’ type of antigen-stimulated
CD8þ T cell, perhaps accounting for the secondary replicative function
of memory CD8þ T cells that had received IL-2R signals during the
primary response (Williams et al., 2006), the essential prediction of
the linear differentiation model is that the first step in development
of the antigen-stimulated CD8þ T cell is differentiation to TEFF, and that
cells with long-term replicative function are derived from these TEFF.

This prediction of the linear differentiation pathway implies that
whenever an acute infection is not cleared, the CD8þ T cell system will
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necessarily fail. There would be an inability of antigen-specific CD8þ

T cells to maintain the production of new TEFF because there would be
no antigen-free ‘‘rest period’’ to allow dedifferentiation of TEFF to TCM

with acquisition of replicative function. Although this circumstance is
compatible with the CD8þ T cell response to an acute viral infection,
such as LCMV, it cannot explain the success of the CD8þ T cell system
in controlling persistent viral infections, such as those caused by the
herpes viruses. However, as these viruses cease replicating after the
acute phase and enter into the latent phase of infection, one could suggest
that latency is equivalent to an antigen-free period. Section 2 will discuss
whether antigenic stimulation ever fully ceases during the latent phase of
herpes virus infection, at least for all antigens, but even more persuasive
evidence for the ability of the CD8þ T cell system tomaintain a continuous
production of TEFF during long-term, active viral infections is its ability to
control infection with human immunodeficiency virus (HIV) until the
CD4þ T cell response is lost. The occurrence of HIV escape mutants
must indicate the continued generation of functional TEFF to account for
the selection of the mutants. Therefore, better insight into the develop-
mental program of antigen-experienced CD8þ T cells may be gained by an
analysis of persistent rather than acute viral infections.
2. THE BEHAVIOR OF THE CD8þ T CELL IN PERSISTENT
VIRAL INFECTIONS

This section will review the evidence that persistent viral infections cause
continuous antigenic stimulation of the CD8þ T cell, that cellular replica-
tive senescence occurs with highly differentiated CD8þ T cells, that
despite the occurrence of senescence, an antigen-specific CD8þ T cell
response is maintained that reflects clonal maintenance rather than clonal
succession, all of which strongly suggests the existence of a self-renewing
stage of antigen-dependent development.
2.1. Persistent CD8þ T cell stimulation and expansion:
‘‘Inflationary’’ epitopes

Reddehase and colleagues have proposed a ‘‘silencing/desilencing and
immune sensing’’ hypothesis by which CD8þ T cells control CMV latency
by epitope-specific sensing of transcriptional reactivation of the virus.
CD8þ T cells specific for an IE1 epitope recognize and terminate virus
reactivation in vivo at the first opportunity in the reactivated gene expres-
sion pro gram ( Reddeha se et al ., 1989 ; Simon et al., 2006 ). Thi s CD 8þ T cell
response is caused by viral reactivation rather than being a unique attri-
bute of the IE1 peptide epitope because similar CD8þ T cell responses
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occur with other epitopes when their expression is regulated by the IE1
promoter in recombinant viruses (Karrer et al., 2004). The continual pre-
sentation of the IE1 epitope in a small proportion of latently infected cells
causes an ‘‘inflation,’’ or continuous expansion, over time of CD8þ T cells
specific for this epitope (Karrer et al., 2003). Most CD8þ T cells having an
inflationary response had a highly differentiated phenotype of CD28low,
CD27low, CD122low, and CD62Llow, whereas CD8þ T cells specific for
epitopes that induced expansion during the acute phase but not during
the latent phase of mCMV infection showed ‘‘a slow reversion’’ to the
TCM phenotype (Sierro et al., 2005), as had been observed with memory
CD8þ T cells specific for LCMV (Wherry et al., 2003). From this and other
similar observations (Holtappels et al., 2000; Munks et al., 2006), it was
concluded that a particular memory phenotype is determined by the
frequency of TCR stimulation, with continually presented epitopes caus-
ing a TEM/EFF phenotype, and epitopes that are not presented during
latency being associated with a TCM phenotype. The prediction of the
linear differentiation model would be that clones composed of CD8þ

T cells with highly differentiated TEM/EFF phenotype would no longer
generate new effector cells, but since the continued CD8þ T cell response
to the IE1 epitope is necessary to control reactivation of mCMV (Simon
et al., 2006), it is likely that there is continued generation of new TEFF,
although cellular turnover studies are needed to confirm this conclusion.
Either CD8þ T cells with a TEFF/EM phenotype can replicate in mCMV-
infected mice, in contrast to the response of TEFF from LCMV-infected
mice (Wherry et al., 2003), or there is a source in mCMV-infected mice
of IE1-specific CD8þ T cells having the TCM phenotypic characteristic of
replicative competence. The latter possibility was experimentally sup-
ported when a population of CD62Lhigh, IE1-specific CD8þ T cells in
the lymph nodes of infected mice was found to have remarkable prolif-
erative function after adoptive transfer to naive mice and challenge with
mCMV (Pahl-Seibert et al., 2005).

Although mCMV is perhaps the best experimental system for addres-
sing the question of how the CD8þ T cell responds to continual stimula-
tion, analyses of other murine herpes viruses are consistent with the
conclusions drawn from the mCMV studies. For example, latent infection
with herpes simplex virus (HSV) infection is also associated with contin-
ual CD8þ T cell stimulation (Khanna et al., 2003; van Lint et al., 2005), and
these CD8þ T cells may be required to prevent reactivation in sensory
ganglions (Liu et al., 2000). Also, HSV-specific CD8þ T cells from latently
infected mice having a CD62Lhigh, TCM phenotype proliferated as well as
naive cells after adoptive transfer and viral challenge while cells with
the same specificity but a TEFF phenotype did not (Stock et al., 2006).
Therefore, the CD8þ T cell system copes with persistent antigenic stimu-
lation and maintains a capacity for generating new TEFF apparently by
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maintaining a pool of less differentiated cells within the phenotypic
TCM subset.
2.2. Cellular senescence despite continued clonal expansion

The studies with mCMV and HSV suggest that the continued production
of TEFF is mediated by replication of less differentiated CD8þ T cells, but
additional evidence for replicative senescence in TEFF is necessary to
exclude the possibility that TEFF numbers are sustained by replication of
these cells. Indeed, a reasonable objection to a proposal for a self-
renewing, less differentiated subset of antigen-experienced CD8þ T cells
has been based on the well-established ability of immunologists to main-
tain clones of murine CD8þ T cells in vitro by periodic restimulation with
antigen and IL-2. However, the occurrence of replicative senescence has
been demonstrated in several circumstances.

Senescence was induced in vivo by repetitive cycles of adoptive trans-
fer of LCMV-specific TCR transgenic CD8þ T cells and infection with
LCMV. After each cycle of infection, a higher proportion of the CD8þ

T cells expressed the killer cell lectin-like receptor G1 (KLRG1), and the
expansion of the restimulated CD8þ T cells correspondingly diminished
(Voehringer et al., 2001). The KLRG1þ CD8þ T cells also demonstrated
diminished proliferation in vitro in response to antigenic stimulation. It is
not obvious why in these experiments a self-renewing subset was not
maintained, but this may have been caused by the use of splenocytes
for recovery of the antigen-experienced, LCMV-specific CD8þ T cells
rather than lymph node cells, which may select more effectively for
CD62L high cells.

The association between expression of KLRG1 and persistent antigenic
stimulation has also been demonstrated for human CD8þ T cells specific
for CMV, Epstein-Barr virus (EBV), and HIV (Thimme et al., 2005). The
KLRG1þ human CD8þ T cells replicated poorly in response to stimulation
with phytohemagglutinin and IL-2 (Voehringer et al., 2002). Similar find-
ings of replicative senescence in association with the expression of
CD57 on antigen-experienced human CD8þ T cells have been reported
(Brenchley et al., 2003) and are possibly an important consequence of
depletion of CD4þ T cells in HIV-infected patients (Papagno et al., 2004).
CD8þ T cells from ‘‘nonprogressor’’ patients maintain in vitro replicative
function while CD8þ T cells from ‘‘progressor’’ patients do not (Migueles
et al., 2002). Of course, it is not possible to determine from these studies of
CD8þ T cells fromHIV patients whether the replication-incompetent state
contributed to loss of control of HIV replication, or whether uncontrolled
replication caused senescence of the HIV-specific CD8þ T cells. However,
in persistent viral infections that are controlled, senescent, antigen-
experienced CD8þ T cells can be identified, so that their presence does
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not necessarily indicate overwhelming viral infection. Rather, it may be a
normal developmental outcome of continued antigenic stimulation, as it
appears to be in mice and humans with CMV infections.
2.3. Clonal persistence versus clonal succession

Two general processes could maintain the long-term generation of CD8þ

TEFF in persistent viral infections: the maintenance of clones that are
selected by antigen early in the antiviral response or the replacement of
depleted clones by recruitment of naive CD8þ T cells, a process that is
termed clonal succession. A recent report has suggested that clonal suc-
cession contributes to the murine response to persistent infection with
polyomavirus, although a requirement for clonal succession was not
demonstrated (Vezys et al., 2006). The relevance of this finding to the
response of human CD8þ T cells to CMV (Khan et al., 2002; Weekes
et al., 1999), EBV, and HIV (Cohen et al., 2002) is unclear as long-term
persistence of virus-specific clones was demonstrated in each of these
analyses. Given these studies tracking CD8þ T cell clones by the use of
CDR3-specific probes, and the continued control of persistent viral infec-
tions in aging adults experiencing normal thymic involution, it seems
likely that the essential means for maintaining an antiviral response in
persistent infections is clonal maintenance rather than clonal succession.
2.4. Molecular requirements for clonal persistence

Relative to the many studies of different genetically modified mice in
classicalmemory protocols, there are relatively few reports of the signaling
pathways that mediate the maintenance of repetitively stimulated CD8þ

T cells in persistent viral infections. In mice infected with g-herpesvirus
or HSV there is a requirement for CD4þ T cells (Cardin et al., 1996), at least
in part for their role in ‘‘licensing’’ of dendritic cells (Smith et al., 2004) by
stimulation through CD40 (Sarawar et al., 2001), and for CD27 on either
CD4þ or CD8þ T cells (Kemball et al., 2006). The need for CD4þ T cell-
dependent activation of dendritic cells through CD40L–CD40 interaction
had been previously recognized in the generation of some primary
(Bennett et al., 1998; Ridge et al., 1998; Schoenberger et al., 1998) and
memory CD8þ T cell responses (Janssen et al., 2003; Shedlock and Shen,
2003; Sun and Bevan, 2003), which may be related to inducing the expres-
sion on dendritic cells of CD70, the ligand for CD27. The possible central
roles of CD70- and CD27-mediated responses in the IL-2-independent
clonal expansion of the CD8þ T cell are discussed in more detail
in Section 4. The potential clinical relevance of a role for CD4þ T cells in
persistent viral infections is, of course, the loss of control by CD8þ T cells



Expansion and Maintenance of Antigen-Selected CD8þ T Cell Clones 115
of viral replication in CD4þ T cell-deficient patients with acquired
immune deficiency syndrome secondary to HIV infection.

There is an interesting possible contrasting requirement for IL-15 in
the responses of memory and persistently stimulated CD8þ T cells. While
this cytokine is needed to maintain normal numbers of antigen-
experienced CD8þ T cells during the memory phase between infections
(Becker et al., 2002; Goldrath et al., 2002; Tan et al., 2002), it may not be
necessary to maintain the generation of sufficient TEFF for control of
persistent g-herpesvirus or HSV infections (Obar et al., 2004; Sheridan
et al., 2006). This finding emphasizes the need to identify the antigen-
experienced CD8þ T cell pool that is IL-15 dependent. Although it might
be argued that persistent antigenic stimulation obviates the need for
sustaining antigen-experienced CD8þ T cells during antigen-free period
of a classical memory response, an alternative explanation may be that
cells contained within the TCM pool, which mediate the continual genera-
tion of new TEFF (Stock et al., 2006), do not require IL-15. This possibility
would be consistent with the finding of a quantitatively normal secondary
response of memory CD8þ T cells to LCMV in IL-15-deficient mice
(Becker et al., 2002). This issue has implications for determining the
transcription factors that are necessary to establish the self-renewing
subset of antigen-experienced CD8þ T cells. T-bet and eomesodermin
(eomes) have been considered to be required for memory CD8þ T cell
maintenance based on their role in increasing expression of CD122, the
IL-2bR (Intlekofer et al., 2005) that mediates signaling by IL-15. If the cells
in the TCM subset that maintain the continuous production of new TEFF do
not need IL-15 signaling, then eomes and T-bet may not necessarily be
involved in the development of this important population in for either
classical memory or persistent viral responses.
3. CLARIFYING THE ROLE OF IL-2 IN THE CLONAL
EXPANSION AND EFFECTOR DIFFERENTIATION
OF THE CD8þ T CELL

3.1. Is IL-2 ‘‘the’’ or ‘‘a’’ mediator of CD8þ T cell
clonal expansion?

IL-2 has been considered to be the principle mediator of the clonal expan-
sion of T cells since its initial identification as the ‘‘T cell growth factor’’ 20
years ago (Cantrell and Smith, 1984; Gillis and Smith, 1977; Morgan et al.,
1976). Ligation of the TCR induces expression of CD25, the IL-2Ra chain,
that enables high-affinity binding of IL-2 to the IL-2R and transcription
of the IL-2 gene, perhaps with the assistance of signals from CD28. The
apparent simplicity of this system and its ability to maintain the long-term
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growth in vitro of murine CD8þ T cell clones supported its candidacy as
the mediator of the clonal expansion of the antigen-stimulated T cell, a
obligatory cellular response in the clonal selection principle of adaptive
immunity. More recent reports showed that even if the CD8þ T cell did
not itself provide IL-2 for autocrine stimulation, relatively transient liga-
tion of the TCR ‘‘programmed’’ the cell for a paracrine IL-2 response that
extended for 7–10 cell cycles (Kaech and Ahmed, 2001; Wong and Pamer,
2001). Observations such as these seemed to confirm suggestions made
for many years that CD4þ T cell ‘‘help’’ for CD8þ T cell responses was
mediated by paracrine IL-2, although the role of CD4þ T cells in CD8þ

T cell responses had been shown to be via the activation of dendritic cells
(Bennett et al., 1998; Ridge et al., 1998; Schoenberger et al., 1998). It is
interesting to note that an emphasis on the role of IL-2 in clonal expansion
leads logically to the linear differentiation pathway in which TEFF are the
generated directly from naive cells because IL-2-induced CD8þ T cell
replication is coupled to effector differentiation, with the assistance of
additional cytokine signals (Mescher et al., 2006).

Other findings suggest that prior IL-2R signalingmay have negative or
positive effects on subsequent antigen-dependent CD8þ T cell prolifera-
tion, with reasons for the differing outcomes not being evident. For
example, IL-2 was shown to program T cells for cell death in a process
that has been termed, antigen- or activation-induced cell death (AICD),
such that repetitive ligation of the TCR on T cells that had been stimulated
by IL-2 caused an apoptotic response (Lenardo, 1991). In contrast, mem-
ory CD8þ T cells that had received IL-2R signals during a primary
response expanded better on rechallenge than those that had not, when
assessed in the same mouse (Williams et al., 2006). This finding has not
been reconciled with the prior demonstration of normal secondary expan-
sion of memory CD8þ T cells when all memory cells lacked prior IL-2R
signals (Yu et al., 2003). Of course, even being able to evaluate memory
CD8þ T cells that have not received IL-2R signals indicates that IL-2 is not
required for primary clonal expansion or for the development of TCM.
This outcome would not have been predicted by the linear differentiation
model in which TCM develop from TEFF via TEM, since in the absence of
IL-2, the development of TEFF does not occur (Yu et al., 2003), and, of even
greater significance, it is not consistent with IL-2 being the essential driver
of clonal expansion.
3.2. CD8þ T cell clonal expansion without IL-2R signaling

In F5 TCR-transgenic, IL-2-deficient mice, administration of antigenic
peptide induced the expansion of the transgenic CD8þ T cells but did
not cause them to develop CTL activity (Kramer et al., 1994). Thus, more
than 10 years ago, immunologists were confronted with the possibility



Expansion and Maintenance of Antigen-Selected CD8þ T Cell Clones 117
that in the absence of IL-2, clonal expansion without effector differentia-
tion occurs in the antigenically stimulated CD8þ T cell. The nonredundant
role of IL-2 in effector differentiation, in contrast to its apparently nones-
sential role in proliferation in this study, was also demonstrated by the
development of CTLs when IL-2 was coadministered with antigenic
peptide. Perhaps this study was not considered to be definitive because
it did not involve a ‘‘physiological’’ stimulus for the activation of CD8þ

T cells, a microbial infection, but in retrospect, it is of great interest.
Other investigators did evaluate the CD8þ T cell response in IL-2-

deficient mice with more ambiguous outcomes, which may have been
related to the autoimmunity that is causedby the absence of IL-2-dependent
regulatory T cells and to difficulties associated with assessing clonal expan-
sion before pMHC tetramers were available, which required measuring
antigen-specific CD8þ T cells based on their effector function, an obvious
problem in IL-2-deficient conditions where effector differentiation may
not occur. However, the question was addressed more recently by two
groupswho overcame these problems either by introducing the deficiency
of IL-2Ra chain into a TCR-transgenic, Rag-deficient background (D’Souza
and Lefrancois, 2003), or by restricting the deficiency of the IL-2Rb chain to
postthymic cells, thereby permitting development of the IL-2-dependent
regulatory T cells (Yu et al., 2003). Viral stimulation of cells unable to
respond to IL-2, or even to IL-15 in the IL-2Rb�/� mice, caused normal
primary clonal expansion in secondary lymphoid organs. Interestingly,
expansion of the IL-2Ra�/� CD8þ T cells was impaired in peripheral,
nonlymphoid tissues in which differentiated TEFF would be expected to
accumulate, suggesting a two-step process of clonal expansion with IL-2
being required only for a later phase that is associated with the accumula-
tion of effector cells in peripheral tissues. This possibility was directly
demonstrated by the absence of effector functions in ex vivo assays in the
expanded IL-2Rb�/�, virus-specific CD8þ T cells, demonstrating again the
nonredundant role of IL-2 in TEFF generation. Furthermore, the memory
cells that developed in the IL-2Rb�/�micewere capable of a quantitatively
normal response to secondary viral infection, which suggests a develop-
mental pathway for TCM that does not involve prior differentiation to TEFF.

Therefore, IL-2R signaling is not required for clonal expansion of the
CD8þ T cell or for the generation of the subset of memory cells that
mediates secondary expansion, but is required for the development of
TEFF. These findings would fit easily with the model of antigen-dependent
CD8þ T cell development that proposes the occurrence of asymmetrical
division of undifferentiated, self-renewing cells, as it presents the possi-
bility of two pathways for clonal expansion, an IL-2-independent path-
way that does not cause effector differentiation, enabling expansion
through a process of self-renewal, and an IL-2-dependent pathway that
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is coupled to differentiation. Although these findings of IL-2-independent
clonal expansion do not exclude a linear differentiation pathway, they
imply a means for maintaining persistently stimulated CD8þ T cell clones
because avoiding IL-2-dependent effector differentiation during clonal
expansion provides ameans for evading replicative senescence andAICD.
4. CORECEPTORS MEDIATING IL-2-INDEPENDENT
CD8þ T CELL CLONAL EXPANSION

Knowing that quantitatively normal primary clonal expansion of CD8þ

T cells occurs without IL-2R signaling allows one to infer that if abnormal
expansion is observedwhen signaling through coreceptor on CD8þ T cells
is interrupted, that coreceptor may mediate IL-2-independent CD8þ T cell
proliferation. CD27 is the best example of the result of such reasoning.
4.1. CD27

CD27 and its ligand, CD70, have been known to promote CD8þ T cell
proliferation in vitro for many years (Lens et al., 1998), but a nonredundant
role has become evident only relatively recently (Borst et al., 2005). CD27
is expressed on all naive CD8þ T cells and appears to be lost only
when they become highly differentiated. CD70 is expressed by dendritic
cells that have been activated by both innate and adaptive immune
signals, as is discussed below, and also on activated B cells. An important
advance occurred when CD27-deficient mice were shown to have
impaired primary and secondary expansion of CD8þ T cells in response
to infection with influenza (Hendriks et al., 2000). CD27 has also been
found more recently to be necessary for the long-term CD8þ T cell
response to persistent polyomaviral infection (Kemball et al., 2006).

The possibility that CD27 drives IL-2-independent responses of the
CD8þ T cell in vivo is supported by finding that stimulating IL-2�/� CD8þ

T cells in vitro with repetitive antigen and a recombinant form of soluble
CD70 caused marked clonal expansion, no change in the CD62Lhigh
status, and no effector differentiation (Carr et al., 2006). Thus, the expand-
ing cells more closely resembled the TCM of Sallusto et al. (1999) than of
Wherry et al. (2003) in that they had not acquired a capacity for rapid
synthesis of IFN-g. The effect of CD27 on cell expansion was the result of
both enhanced cell cycling and survival, with the latter being dependent
on the ability of ligated CD27 to maintain the expression of IL-7Ra on
TCR-stimulated cells. Since IL-7Ra expression contributes to the viability
of activated cells after resolution of the acute phase of clonal expansion
(Schluns et al., 2000), this effect of CD27 costimulation may be especially
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important for long-term clonal expansion in persistent viral infections.
Moreover, in contrast to IL-2R-stimulated cells (Lenardo, 1991), repetitive
TCR ligation of CD27-stimulated CD8þ T cells did not induce AICD
or cause the loss of in vivo replicative function (Gattinoni et al., 2005),
but instead maintained the cellular response to CD70 in vitro and a
capability for clonal expansion and effector differentiation after adoptive
transfer and viral challenge in vivo. The additional observation that
stimulation through CD27 selectively suppressed IL-2R-induced effector
differentiation, while not impairing the proliferative response to IL-2 sug-
gests that CD27 could mediate self-renewal of the CD8þ T cell even in the
presence of IL-2. Taken together, these two studies of Hendriks et al.
(2000) and Carr et al. (2006) make CD27 a reasonable candidate for a
coreceptor that drives TCR-dependent, IL-2-independent generation of
the nondifferentiating, self-renewing subset of antigen-experienced
CD8þ T cells.

Recent findings of the role of CD70 on dendritic cells support a critical
function for CD27 stimulation of the CD8þ T cell. The ability of agonistic
anti-CD40 antibody to promote CD8þ T cell clonal expansion was inhib-
ited by blocking antibody to CD70 (Rowley and Al-Shamkani, 2004), and
the effect of agonistic anti-CD40 antibody was shown to be on the den-
dritic cell (Bullock and Yagita, 2005; Sanchez et al., 2007; Schildknecht
et al., 2007; Taraban et al., 2004, 2006). Thus, earlier studies of the ability of
agonistic anti-CD40 antibody to replace the function of CD4þ T cells in
persistent g-herpesvirus infection (Sarawar et al., 2001) and of the role of
CD4þ T cells in CD8þ T cell responses in general may be related to
inducing dendritic cell-associated CD70 to maintain the IL-2-independent
pool of undifferentiated, antigen-experienced CD8þ T cells. This TCR/
CD27 pathway of CD8þ T cell clonal expansion may also mediate the
effect of CD70-expressing antigen-presenting cells in the laminia propria,
which contributes to mucosal immune responses to Listeria (Laouar et al.,
2005), and be the basis of the efficacy of blocking anti-CD70 antibody in
preventing cardiac allograft rejection (Yamada et al., 2005).

The study by Carr et al. (2006) indicates that a cell’s response to CD70
requires repetitive TCR ligation, which is consistent with this being a
pathway for clonal expansion in secondary lymphoid tissue where both
antigen and CD70 would be available as long as a microbial infection
persists and dendritic cells continue to receive TLR and CD40 signals.
However, the T cell may need to receive other signals in addition to TCR
and CD27 for effective clonal expansion because in mice with a transgene
directing constitutive expression of CD70 on B cells, excessive T cell activa-
tion leads eventually both to B and, paradoxically, T cell depletion (Arens
et al., 2001; Tesselaar et al., 2003). These studies did not examine the effect
of the CD70 transgene in the context of a transgenic TCR that responds
poorly to environmental antigens, so that the role of inappropriately
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‘‘weak’’ TCR signaling, such as that which drives homeostatic expansion,
was not evaluated. The unusual CD70-dependent immunodeficiency syn-
drome was at least partially explained by the subsequent finding
that instead of T cell depletion that occurs in wild-type mice with the
CD70 transgene, a T cell proliferative abnormality was observed in trans-
genic mice lacking CD95 (Arens et al., 2005). This finding identifies Fas–
FasL interactions as an essential control for CD27-dependent lymphocyte
proliferation and prompts the question of how the presumed self-
renewing, CD27-stimulated CD8þ T cell responding to a microbial infec-
tion circumvents Fas-mediated apoptosis. Other costimulatory signals
delivered by an appropriately activated dendritic cell, which would be
absent from B cells constitutively expressing the transgenic CD70, may
have a role.
4.2. Other coreceptors

If impaired clonal expansion of CD8þ T cells does identify coreceptors for
mediating an IL-2-independent response, then CD28 must also be consid-
ered as a candidate for this function. CD28-deficientmice have diminished
clonal expansion of CD8þ T cells in primary and secondary responses to
influenza (Bertram et al., 2002, 2004; Hendriks et al., 2003, 2005), and mice
lacking both CD27 and CD28 have essentially no primary or secondary
CD8þ T cell expansion (Hendriks et al., 2003). Although CD28 is known to
promote the production of IL-2 through transcriptional and posttranscrip-
tional means, the normal proliferation of CD8þ T cells in the absence of
IL-2 excludes this as the basis for the impaired expansion associated with
CD28 deficiency.

In some of these studies (Bertram et al., 2002, 2004; Hendriks et al.,
2005), deficiency of 4–1BB, which like CD27 is a member of the tumor
necrosis factor receptor superfamily, was found to diminish clonal expan-
sion, but the defect was more prominent in the secondary than in the
primary response. 4–1BB is not expressed on naive CD8þ T cells, and the
precise stage of antigen-dependent development of the CD8þ T cell at
which 4–1BB expression occurs is not clear. It may share with CD27 a
capacity for IL-2-independent proliferation, but possibly at a later stage of
development following IL-2-induced differentiation.
5. MODIFYING THE ANTIPROLIFERATIVE EFFECTS OF
TYPES I AND II IFN

The CD8þ T cell must proliferate rapidly in the presence of types I and II
IFN produced by plasmacytoid dendritic cells, NK cells and NKT cells.
Since IFNs are generally antiproliferative for all other cell types
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(Balkwill and Oliver, 1977; Balkwill and Taylor-Papadimitriou, 1978; Lin
et al., 1986), this capability is perhaps unique. Remarkably, CD8þ T cells
not only overcome the antiproliferative effects of IFNs, but even respond
to them with enhanced clonal expansion. Furthermore, CD8þ T cells use
IFN-g for differentiation, in that signaling through the IFN-g receptor
(IFN-gR) induces the expression of T-bet (Glimcher et al., 2004) and,
since IL-2-stimulated CD8þ T cells may acquire a capacity for producing
IFN-g, the cytokine has the potential for mediating an autocrine loop
that induces terminal differentiation. For these reasons, it is important to
evaluate how CD8þ T cells regulate their responses to types I and II IFN.
5.1. The effects of types I and II IFN on CD8þ T cells

IFN-gR signaling promotes apoptosis of antigen-stimulated CD8þ T cells
during the acute (Lohman andWelsh, 1998) and contraction phases of the
primary response (Badovinac et al., 2000, 2004). In an apparently opposite
outcome, IFN-g has also been observed to promote the expansion of CD8þ

T cells (Sercan et al., 2006;Whitmire et al., 2005). Similarly, type I IFNalso can
enhance clonal expansion of CD8þ T cells by maintaining their viability
(Marrack et al., 1999) and proliferation in vitro (Curtsinger et al., 2005) and
in vivo (Ahonen et al., 2004; Honda et al., 2005). Most importantly, this effect
of type I IFN is knowntobeon theCD8þTcell itself because the expansionof
IFNAR�/� CD8þ T cells in wild-type mice infected with LCMV is dimin-
ished 100-fold (Kolumam et al., 2005; Thompson et al., 2006).

The capacity of IFN-gR signaling, but possibly not IFNAR signaling
(Lighvani et al., 2001), to induce T-bet in the CD8þ T cell may indicate that
IFN-g also has a unique role in differentiation. T-bet�/� CD8þ T cells
secrete less IFN-g, have lower CTL activity (Sullivan et al., 2003), and
have impaired effector function in a model of type 1 diabetes (Juedes
et al., 2004). However, the precise role for T-bet in the function of CD8þ

T cells is unclear as its expression is not required for protective CD8þ T cell
immunity in all microbial infections (Way and Wilson, 2004), and some
functions of T-bet may be replaced by its paralog, eomes (Intlekofer et al.,
2005; Pearce et al., 2003). Perhaps T-bet induces a stage in effector develop-
ment of the CD8þ T cell that is not mediated by eomes, as suggested
by nonredundant functions of T-bet in the expression of the IL-12Rb2
chain (Afkarian et al., 2002; Pearce et al., 2003) and in the development of
NK and NKT cells (Townsend et al., 2004).
5.2. Regulating IFN-gR expression

The biological importance of controlling IFN-gR signaling is suggested by
the finding that fully differentiated CD4þ TH1 cells and CD8þ T cells do
not express IFN-gR2, the signal transducing subunit of the heterodimeric
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receptor complex (Bach et al., 1995; Pernis et al., 1995; Tau et al., 2001).
If IFN-gR2 is ectopically expressed in CD4þ T cells, the development of
TH1 cells is impaired (Tau et al., 2000); ecotopic expression of IFN-gR2 in
CD8þ T cells also inhibits the development of CTLs (Tau et al., 2001).
Therefore, the transcriptional downregulation of IFN-gR2 with its atten-
dant suppression of IFN-gR signaling is required for normal development
of effector T cells of both the CD4þ and CD8þ T cell lineages. This
transcriptional downregulation occurs not only in CD8þ T cell clones
generated through in vitro culture, but also during their primary clonal
expansion during acute Listeria infection (Haring et al., 2005). Interest-
ingly, IFN-gR2 expression in the antigen-stimulated cells returns after
resolution of the infection in contrast to the apparently permanent repres-
sion of its expression in TH1 and CTL clones. Since genetic deletion of
IFN-gR1 expression enables clonally expanding CD8þ T cells to avoid
ex vivo-induced AICD (Lohman and Welsh, 1998), decreased IFN-gR2
may be a developmentally regulated response to enhance CD8þ T cell
expansion. However, the means by which IFN-gR signaling promotes
AICD is not known, and a previous suggestion that it was through the
induction of caspase-8 (Refaeli et al., 2002) is not supported by the occur-
rence of AICD in caspase-8-deficient T cells (Salmena et al., 2003).
Since AICD in CD8þ T cells requires B lymphocyte-induced maturation
protein-1 (Blimp-1) (Kallies et al., 2006), IFN-gR signaling may cause the
expression of Blimp-1 (see Section 6).

The second means for controlling IFN-gR signaling is cell biological.
While IFN-gR1 resides mainly at the plasma membrane, most of IFN-gR2
is in an intracellular compartment that has not been fully characterized,
with only a few hundred copies of IFN-gR2 present at the cell surface
(Rigamonti et al., 2000). A dipeptide motif in the cytoplasmic domain of
IFN-gR2 possibly regulates trafficking to the plasma membrane
(Rosenzweig et al., 2004), raising the possibility that cellular signals
could acutely increase or decrease the cell’s potential for responding to
IFN-g. A third means of regulating IFN-gR signaling is the redistribution
of IFN-gR1 to the immunological synapse (Maldonado et al., 2004).
If IFN-g secretion induced by TCR ligation is also directed to this site,
this redistribution of IFN-gR1 potentially could promote autocrine
responses to the cytokine leading to T-bet expression and further differ-
entiation of the CD8þ T cell.
5.3. Stat1 as a ‘‘Switch’’ determining the effects of types I and II
IFN on proliferation

The anti- and pro-proliferative effects of IFNs on CD8þ T cells and other
cell types suggest that a ‘‘switch’’ exists that determines which of these
two opposing effects of the IFNs will occur. Such a switch was identified
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10 years ago when the expression of Stat1 by fibroblasts was found to be
required for type I and type II IFN to suppress serum-induced prolifera-
tion (Bromberg et al., 1996). Also remarkable was the finding that in
Stat1-sufficient fibroblasts, IFN-g suppressed the induction of c-Myc by
platelet-derived growth factor (PDGF), while in Stat1-deficient cells IFN-g
no longer inhibited this growth factor response, and actually transiently
induced c-Myc (Ramana et al., 2000). A gene profiling study showed that
in Stat1�/� fibroblasts, IFN-g and PDGF induced many of the same genes
(Ramana et al., 2001), which may help explain how IFN-g enhances
the survival and proliferation of macrophage-colony stimulating factor-
stimulated Stat1�/� bone marrow-derived macrophages while suppres-
sing these responses in Stat1þ/þ cells (Gil et al., 2001). These findings have
recently been extended to T cells with the demonstration that type I IFN
suppressed the proliferation of wild-type murine T cells stimulated
with phorbol ester and IL-2 but enhanced the proliferation of similarly
stimulated Stat1�/� or Stat2�/� T cells (Gimeno et al., 2005).

These studies point to the possibility that if the CD8þ T cell had a
mechanism bywhich it could control the level of Stat1, it could control the
nature of its growth response to type I and type II IFN. Regulation of
Stat1 expression by the T cell has not been reported, but Stat1 in IFN-g-
stimulated fibroblasts is subject to ubiquitin- and proteosome-mediated
degradation (Kim and Maniatis, 1996), which has also been shown to
occur in osteopontin-treated macrophages (Gao et al., 2007). A nuclear
E3 ubiquitin ligase, termed SLIM, has also been found to suppress Stat1-
dependent signaling (Tanaka et al., 2005). In this respect, since serine
phosphorylation often targets proteins for ubiquitin modification, it is
interesting that ligation of either TCR or CD28 induces phosphorylation
of serine 727 in Stat1 (Gamero and Larner, 2000; Lafont et al., 2000).
Although phosphorylation of serine 727 in the transactivation domain
is necessary for the transcriptional activity of Stat1, this or other
serines that are phosphorylated by the kinase(s) involved in these res-
ponses (Tenoever et al., 2007) could also cause ubiquitination and trigger
rapid degradation of Stat1. Thus, there may be a means by which TCR-
stimulation of the CD8þ T cell could induce a posttranslational Stat1
deficiency to enable IFNs to promote rather than suppress CD8þ T cell
expansion.
6. TRANSCRIPTIONAL CONTROL OF REPLICATIVE
SENESCENCE: BMI-1, BLIMP-1, AND BCL6/BCL6b

The molecular determinants, other than telomerase, of whether the CD8þ

T cell maintains cell cycling capability or has a senescent pheno-
type have not been described. The ability of Bmi-1, a member of the
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Polycomb-group complex, to prevent senescence of the hematopoietic stem
cell (Park et al., 2003) and its expression in splenic T cell lymphocytes
(Zhang et al., 2004) suggests that it may have a role in this process. Bmi-1
was discovered as a cooperating oncogene in Em-myc transgenic mice
(Haupt et al., 1991; van Lohuizen et al., 1991). It maintains self-renewing
hematopoietic, cerebellar, and leukemic stem cells (Lessard and
Sauvagneau, 2003; Molofsky et al., 2003; Park et al., 2003) by suppressing
transcription of the INK4b-Arf-INK4a tumor suppressor locus whose pro-
tein products regulate pRb and p53 (Jacobs et al., 1999a). Bmi-1�/� mice
have reduced T and B cells secondary to impaired early development (van
der Lugt et al., 1994), and the few mature T cells that are present have
diminished in vitro proliferative function after TCR signaling.

Several findings suggest that expression of Bmi-1 is relevant to the
proliferative response of the CD8þ T cell. In parallel with the increase in
Bmi-1 expression in B cells responding to ligated membrane immuno-
globulin (Hasegawa et al., 1998), TCR stimulation has been shown to
increase Bmi-1 mRNA and protein levels in murine CD8þ T cells
(Heffner and Fearon, 2007). The increase in Bmi-1 is likely to be related
to the replication by the TCR-stimulated CD8þ T cell because ‘‘knocking-
down’’ Bmi-1 with a lentiviral vector expressing an appropriate shRNA
suppresses CD8þ T cell proliferation, and ectopic expression of Bmi-1
promotes expansion of CD8þ T cells both in vitro and in vivo. Thus,
Bmi-1 expression may be linked to the proliferative capability of
the antigen-stimulated CD8þ T cell, just as it is to the self-renewing
hematopoietic stem cell.

The means by which Bmi-1 is shut off to cause replicative senescence
may be related to c-Myc. c-Myc can bind to the bmi-1 promoter and drive
transcription, and haploinsufficient c-mycþ/� fibroblasts have reduced
Bmi-1 levels and display INK4a-dependent senescence (Guney et al.,
2006). Also, there is defective homeostatic expansion of c-mycþ/� memory
CD8þ T cells (Bianchi et al., 2006), which may reflect impaired cycling
secondary to diminished Bmi-1. However, appropriate studies have not
been done to determine whether the replicative abnormalities of lympho-
cytes with diminished c-Myc are caused by effects on the expression of
Bmi-1. [Not relevant to this discussion, but noted for completeness, is the
apparently paradoxical finding that nonphysiologically high levels of
c-Myc, as occurs in Em-myc transgenic mice, drive Ink4a transcription,
overcoming Bmi-1 transcriptional repression and inducing apoptosis or
senescence (Jacobs et al., 1999b).]

The implication of these findings in the context of the development
and differentiation of the antigen-stimulated CD8þ T cell is that the
transcriptional repressor, Blimp-1 (Turner et al., 1994), also termed PRDI
based on its inhibition of the transcription of IFN-b (Keller and Maniatis,
1991), represses c-myc transcription in terminally differentiated plasma
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cells and mononuclear phagocytes (Chang et al., 2000; Lin et al., 1997).
Therefore, Blimp-1 may indirectly repress transcription of Bmi-1 in these
cells, in which Bmi-1 mRNA has been shown to be absent (Zhang et al.,
2004), and in senescent, terminally differentiated CD8þ T cells, in which
Bmi-1 expression is diminished (Heffner and Fearon, 2007). Consistent
with this possibility are the findings that Blimp-1 is expressed in ‘‘effector
memory’’ CD8þ T cells, mediates AICD, and suppresses the expansion of
pMHC- and homeostatically stimulated CD8þ T cells in vivo and in vitro
(Kallies et al., 2006; Martins et al., 2006). Although a decrease in c-Myc was
not seen when Blimp-1 was induced in T cells in vitro, this might be
explained by cells with low c-Myc levels being selected against during
culture. If Blimp-1 is found to repress c-myc transcription in the CD8þ

T cell as it does in other cells, then terminal differentiation of the
CD8þ T cell would bemediated by amechanism that is remarkably similar
to the B cell lineage. Furthermore, a negative regulatory role for Blimp-1 in
the expression of Bmi-1 would provide a direct link between terminal
differentiation, Blimp-1, and INK4a-mediated replicative senescence.

These possibilities emphasize the importance of determining the
signals that induce the expression of Blimp-1. There may be several path-
ways for this, as Blimp-1 can be induced in a transformed B cell line solely
by IL-2R signaling (Reljic et al., 2000), in myeloid cell lines bymacrophage-
colony stimulating factor (Chang et al., 2000), and in myeloid and B cell
lines by the unfolded protein stress response (Doody et al., 2006). The
coupling of effector differentiation of the CD8þ T cell to stimulation by
IL-2 and IFN-g, the occurrence of AICD in T cells stimulated by these two
cytokines (Lohman and Welsh, 1998; Refaeli et al., 2002), and the depen-
dence of AICD in the CD8þ T cell on Blimp-1 expression (Kallies et al.,
2006) suggest that IL-2 and IFN-g may mediate the induction of Blimp-1.
However, as CD4þ TH2 cells, which have differentiated in response to
IL-4 rather than IFN-g signaling, also can become Blimp-1þ (Kallies et al.,
2006; Martins et al., 2006), there is likely to be more than one pathway to
Blimp-1 transcription in the CD8þ T cell.

The ability of BCL6 to repress the expression of Blimp-1 in the B cell
(Reljic et al., 2000; Shaffer et al., 2000) and prevent plasma cell differentia-
tion in germinal center B cells (Dent et al., 1997; Fukuda et al., 1997;
Ye et al., 1997), when coupled with its role and that of its paralog,
BCL6b, in enhancing the generation of memory CD8þ T cells and promot-
ing the magnitude of the secondary CD8þ T cell response (Ichii et al., 2002,
2004; Manders et al., 2005) suggest that these transcriptional repressors
may suppress Blimp-1-induced terminal differentiation and loss of Bmi-1
expression in the CD8þ T cell. Although neither has been reported to do
this, the probable role of IL-2 in contributing to Blimp-1 expression in
T cells and the ability of BCL6b to suppress the proliferative response of
the CD8þ T cell to IL-2 (Manders et al., 2005) make this at least plausible.
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However, it is not possible to discuss the cellular interactions that would
favor the expression of Blimp-1 versus BCL6/BCL6b because the signals
that induce the expression of Blimp-1, BCL6, or BCL6b in the CD8þ T cell
have not been fully defined.
7. A REFINEDMODEL FOR CD8þ T CELL CLONAL EXPANSION:
SEQUENTIAL PHASES OF CD27-DEPENDENT
SELF-RENEWAL AND IL-2-DEPENDENT DIFFERENTIATION

The analysis of the CD8þ T cell response to persistent viral infections,
especially those caused by human andmurineCMV, is informative because
it reveals capabilities of the antigen-experienced CD8þ T cell that are not
evident in analyses of classical memory responses of this cell. Persistent
antigenic stimulation of the CD8þ T cell causes continual, ‘‘inflationary’’
clonal expansion (Karrer et al., 2003) withmost antigen-specific cells having
a senescent and highly differentiated TEFF phenotype (Holtappels et al.,
2000; Munks et al., 2006; Sierro et al., 2005). Adoptive transfer experiments
showed that these differentiated TEFF were not able to generate additional
TEFF, whereas antigen-experienced CD8þ T cells with a less differentiated,
TCM phenotype and residing in secondary lymphoid organs did have this
function (Pahl-Seibert et al., 2005). These findings, combined with the dem-
onstration of long-term clonal persistence of CD8þ T cells specific for con-
tinually presented viral epitopes (Cohen et al., 2002; Khan et al., 2002;
Weekes et al., 1999), lead to the conclusion that persistently stimulated
clones are maintained by a process of self-renewal, with asymmetrical
division yielding both undifferentiating progeny and daughter cells that
become committed to effector differentiation. The quantitatively normal
clonal expansion without differentiation that occurs with antigen-
stimulated, IL-2R�/� CD8þ T cells (D’Souza and Lefrancois, 2003; Yu et al.,
2003) demonstrates that IL-2-independent expansion is robust and that IL-2
has a nonredundant role in effector differentiation. Therefore, to avoid
clonal senescence, antigen-stimulated CD8þ T cells must establish a self-
renewing, nondifferentiating pool that is capable of IL-2-independent
expansion and that avoids IL-2-induced differentiation. This pool would
serve as the source of cells that have the potential of entering a phase of
IL-2-dependent expansion and effector differentiation when antigenic
stimulation indicates the need for additional TEFF.

Two sets of findings provide evidence that an IL-2-independent phase
of clonal expansion can be mediated by CD27: first, unlike IL-2R-deficient
mice, CD27-deficient mice show impaired expansion of antigen-specific
CD8þ T cells in acute (Hendriks et al., 2000) and persistent viral infections
(Kemball et al., 2006), and second, ligation of CD27 on repetitively
TCR-stimulated CD8þ T cells in vitro causes IL-2-independent expansion
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without effector differentiation (Carr et al., 2006). The expanded cells
retain the potential for infection-induced expansion and differentiation
in vivo. In addition, costimulation through CD27 suppresses differentia-
tion caused by IL-2 in vitro. Although other coreceptors, such as CD28,
may also have this capability, the importance of these findings with CD27
is that they establish the principle of IL-2-independent CD8þ T cell clonal
expansion without differentiation, that is, self-renewal. The recent dem-
onstration of asymmetrical division of antigen-stimulated CD8þ T cells
(Chang et al., 2007) is consistent with this view of two means for clonal
expansion, one that does not initiate differentiation and the other that
does. These findings do not accommodate the linear differentiation
model, which envisions effector differentiation with loss, even if only
temporary, of replicative function as being the first step in thedevelopment
of the antigen-stimulated CD8þ T cell (Wherry et al., 2003).

Superimposed on this basic, underlying process are two additional
themes: first, a remarkable switch in the nature of the response of the
antigen-stimulated CD8þ T cell to type I and possibly type II IFN from
antiproliferative to proproliferative, the mechanism for which is sug-
gested to be related to posttranslational regulation of Stat1, and second,
the control of terminal differentiation and senescence. The latter may
involve the expression of Blimp-1 in the IL-2-stimulated CD8þ T cell
(Kallies et al., 2006; Martins et al., 2006); Blimp-1 is not induced by repeti-
tive TCR andCD27 signaling. Blimp-1may indirectly suppress the expres-
sion of Bmi-1, which may be required for the CD8þ T cell to prevent
replicative senescence in the antigen-experienced CD8þ T cell (Heffner
and Fearon, 2007) as it is in the hematopoietic stem cell. Senescencemay be
delayed by BCL6 (Ichii et al., 2002) or BCL6b (Manders et al., 2005), which,
by analogy to the function of BCL6 in the germinal center B cell, may
suppress the induction of Blimp-1 by inhibiting transcriptional events
downstream of IL-2R signaling. These views are summarized in Fig. 3.1.
8. CLINICAL EXTENSIONS OF THE TCR/CD27 PATHWAY:
ADOPTIVE CD8þ T CELL THERAPY

The definition of a means for expanding antigen-specific CD8þ T cells
in vitrowithout causing replicative senescence after adoptive transfer and
in vivo challenge may increase the clinical utility of adoptive CD8þ T cell
therapy. Two general clinical situations have been examined for adoptive
CD8þ T cell therapy: the treatment of persistent viral diseases that
occur in individuals rendered immunodeficient by HIV infection or
during the course of bone marrow transplantation and in patients with
cancer. Disseminated CMV infection has been successfully treated
by adoptive transfer of CMV-specific CD8þ T cells, with a recent example
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usin g CMV -specific cells purifi ed by cell sor ting based on the binding of
pM HC compl exes beari ng the releva nt peptide ( Cobb old et al., 2005 ). No
attemp t was made to exp and the cells by in vitro stim ulation so that
exce ssive differen tiation with loss of in vivo rep licative func tion did not
occu r. Howeve r, if exp ansion in vitro of IE1-spe cific CD 8þ T cells with
mai ntenance of rep licativ e func tion could be made possibl e through the
TCR /CD27 pathway , a ba nk of CMV- specif ic CD 8þ T ce lls from norma l
ind ividuals of dif fering HLA hapl otypes could be establish ed fo r adop-
tiv e transfer thera py. Thi s would avoid the need to sort antigen- specif ic
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cells acutely for immediate adoptive transfer and facilitate the use of this
therapy. Such an approach could be extended to the clonal expansion of
CD8þ T cells specific for multiple viruses for use in immunodeficient
patients who not infrequently have uncontrolled infections involving
more than a single virus (Leen et al., 2006). The ultimate success of this
strategy would be enhanced if a similar approach could be developed for
the in vitro expansion of CD4þ T cells that will be required for the
maintenance of the CD8þ T cell response.

Immunological therapy of tumors has followed two general
approaches (Blattman and Greenberg, 2004; Gattinoni et al., 2006): first,
active immunization with tumor-associated antigens in combination with
other immunopotentiating agents for therapeutic treatment of patients
with clinically evident tumor (Hodi et al., 2003), or immunization for
prophylactic treatment of patients following apparent total resection of
the tumor, but in whom undetectable micrometastases may be present
(Jager et al., 2006); and second, adoptive T cell therapy after in vitro
expansion of T cells specific for tumor-associated antigens (e.g., Dudley
et al., 2002). The advantage of therapeutic immunization is its relative
simplicity, but the expansion of CD8þ T cells that are specific for tumor-
associated antigens may not overcome the hurdle of a local, immuno-
suppressive environment within the tumor itself (Willimsky and
Blankenstein, 2005). Therefore, a major advantage of adoptive T cell ther-
apy is the opportunity to alter the T cells during in vitro culture so that they
may become resistant to immunosuppressive mediators in the tumor,
such as TGF-b (Chen et al., 2005; Gorelik and Flavell, 2001). However,
repetitive stimulation of CD8þ T cells with antigen and IL-2 ablates their
antitumor effects because of loss of in vivo replicative function (Gattinoni
et al., 2005; Klebanoff et al., 2005), so that genetic modification during
in vitro clonal expansion is not feasible using the standard means for
CD8þ T cell proliferation. As proposed for developing antigen-specific
CD8þT cells to employ in adoptive therapy for viral diseases, the use of the
TCR/CD27 pathway could potentially overcome this technical problem
and enhance the efficacy of this approach to cancer immunotherapy.
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Abstract In this chapter, we examine the role of complement regulatory
activity in atypical hemolytic uremic syndrome (aHUS) and age-

related macular degeneration (AMD). These diseases are represen-

tative of two distinct types of complement-mediated injury, one

being acute and self-limited, the other reflecting accumulation of

chronic damage. Neither condition was previously thought to have

a pathologic relationship to the immune system. However, altera-

tions in complement regulatory protein genes have now been

identified as major predisposing factors for the development of

both diseases. In aHUS, heterozygous mutations leading to haploin-

sufficiency and function-altering polymorphisms in complement

regulators have been identified, while in AMD, polymorphic hap-

lotypes in complement genes are associated with development of

disease. The basic premise is that a loss of function in a plasma or

membrane inhibitor of the alternative complement pathway allows

for excessive activation of complement on the endothelium of the

kidney in aHUS and on retinal debris in AMD.

These associations have much to teach us about the host’s innate

immune response to acute injury and to chronic debris deposition.

We all experience cellular injury and, if we live long enough, will
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deposit debris in blood vessel walls (atherosclerosis leading to heart

attacks and strokes), thebrain (amyloidproteins leading toAlzheimer’s

disease), and retina (lipofuscin pigments leading to AMD). These are

three common causes of morbidity and mortality in the developed

world. The clinical, genetic, and immunopathologic understandings

derived from the two examples of aHUS andAMDmay illustratewhat

to anticipate in related conditions. They highlight how a powerful

recognition and effector system, the alternative complement path-

way, reacts to altered self. A response to acute injury or chronic debris

accumulation must be appropriately balanced. In either case, too

much activation or too little regulation promotes undesirable tissue

damage and human disease.
1. ALTERED SELF TRIGGERS INNATE IMMUNITY

1.1. Acute injury

The raison d’être for the development of the immune system is to protect
the host from microbes (Barilla-LaBarca and Atkinson, 2003; Walport,
2001a,b). Its goal is the destruction of a foreign antigen and facilitation
of an adaptive immune response. Individuals with deficient immune
systems have as the primary consequence, increased infections. Complete
deficiency of C3 leads to severe, recurrent, life-threatening, pyogenic
infections with encapsulated bacteria (Reis et al., 2006). Complete defi-
ciency of membrane attack components (Figueroa et al., 1993) or of the
alternative pathway (AP) components (Sprong et al., 2006) predisposes to
recurrent Neisserial infections.

However, early on in the characterization of total complement compo-
nent deficiency states in man came the surprising observation that indivi-
duals deficient in early components of the classical pathway (CP), for
example, C1q, C4, or C2, develop autoimmunity, especially systemic lupus
erythematosus (SLE) (Manderson et al., 2004). Approximately 90% of C1q
and 80%ofC4-deficient individuals presentwith SLE. In attempts to explain
this association, investigators initially focused on a failure of immune-
complex clearance (Atkinson, 1986; Walport and Lachmann, 1988) and
then on inappropriate handling of self-antigens (Pickering et al., 2000).

Much has been discovered about the role of innate immunity and
especially the complement system’s response to apoptosis and ischemia-
reperfusion injury (IRI) (Carroll and Holers, 2005; Gershov et al., 2000;
Kim et al., 2003; Mevorach et al., 1998; Navratil et al., 2006; Pickering et al.,
2000; Stahl et al., 2003). These topics have been covered in this series
(Carroll and Holers, 2005; Pickering et al., 2000). IRI and apoptosis repre-
sent conditions in which the immune system sees ‘‘altered self.’’ In animal
models, the complement system contributes to the magnitude of the final
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injury. The interplay of lectins, natural antibodies, and the AP appears to
vary from species to species and from tissue to tissue (Carroll and Holers,
2005; Gershov et al., 2000; Kim et al., 2003; Mevorach et al., 1998; Navratil
et al., 2006).

IRI is a major concern following strokes and myocardial infarction, but
the host’s reaction system likely evolved primarily for the repair of
cutaneous trauma. The critical goals were to prevent an infection, to
dispose of apoptotic and necrotic cells and damaged tissue and, in these
and other ways, to assist in wound repair. The size of the eventual scar
was not the key issue. In contrast, a goal in the current treatment of
strokes and myocardial infarctions is to minimize tissue damage caused
by complement activation and other players in innate immunity.

Apoptosis is the term used to describe the programmed death of cells.
Billions of cells, particularly in the bone marrow, become apoptotic on a
daily basis and the erythrocyte lineage extrudes nuclear material as
part of its maturation process. The adaptive immune system usually
responds minimally to this form of altered self. In SLE, however, indivi-
duals develop high titer antinuclear antibodies, and many of the antigens
recognized by these antibodies are exposed during apoptosis. This source
of antigen and the high frequency of individuals with a complete defi-
ciency of C1q or C4 developing SLE make for an attractive hypothesis to
explain this autoimmune disease; namely, that the complement system
assists in the removal of altered self and this process is disturbed in
autoimmunity.

These two situations therefore have distinct end points: in the first,
destruction of a foreign antigen and facilitation of an adaptive immune
system are the goals; in the second, it is the safe removal of antigenic
material with avoidance of an adaptive immune response. These exam-
ples are pertinent to the discussion to follow, as the balance between
activation and regulation of the complement system underlies the
pathogenesis of atypical hemolytic uremic syndrome (aHUS).
1.2. Debris accumulation

The second type of altered self to be analyzed in this discussion is the
deposition of ‘‘garbage’’ in vital tissue. The average life expectancy in
most of the developed world is now approaching 80 years. An unfortu-
nate consequence (but consider the alternative) is the development of
chronic diseases featuring debris deposition and accumulation: examples
being urate crystals in joints (gout), lipids in large vessel walls (athero-
sclerosis), amyloid protein in the brain (Alzheimer’s), and lipofuscin
pigment in the retina (age-related macular degeneration; AMD). In each,
there is a collection in critical tissues of altered and variably proinflam-
matory debris derived from self. The respective consequences are
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immobility, heart attacks and strokes, dementia, and visual loss. Forma-
tion of urate crystals in a joint can lead to an acute inflammatory (‘‘like a
pyogenic bacterial infection’’) gouty attack, but in chronic tophaceous
gout the innate immune response tends to be low grade. In the other
three conditions, the debris tends to be less inflammatory. In these four
situations, waste accumulates in vital organs and an inflammatory
response plays out over decades. Urate crystals, oxidized lipids, amyloid
proteins, and lipofuscin pigments interact with the innate immune sys-
tem. For example, fragments of C3 as well as many other participants in
innate immunity coat such substances. For several reasons, until recently,
such data from immunohistochemistry analyses have been largely
ignored. First, it was correctly envisioned that complement activation
was not likely to be the primary cause of the process. Second, many
considered the presence of C3 fragments as representing innate immune
markers; in other words, a bystander process. The discovery in 2005 that
�50% of the genetic risk in AMD was related to a polymorphic variation
in a complement regulatory protein led to a substantial reevaluation of the
role of innate immunity in AMD.

A simple hypothesis for both aHUS and AMD is that the innate
immune system is responding to altered self tissue. If there is excessive
activation of the AP, it predisposes to and accelerates disease develop-
ment. In aHUS and AMD, we now have genetic analyses to firmly estab-
lish a critical role for innate immunity in pathogenesis. Consequently,
they will be used as the key examples in this discussion to point out a
specific role for a deficiency of regulation of the AP of complement in
disease causation.
2. REGULATION OF THE ALTERNATIVE
COMPLEMENT PATHWAY

2.1. Overview of activation

The involvement of the AP in animal models of immunologic disease
and in clinical medicine has been authoritatively reviewed by Thurman
and Holers (2006). Here, we will outline how this pathway is activated and
particularly focus on its feedback loop whose goal is to deposit additional
C3b on a target (Fig. 4.1).

An ancient complement system probably consisted of C3-like protein
along with a receptor for an ‘‘activated’’ form of this protein (Lambris,
1989). Related to the ancient a-2 macroglobulin family, C3 contains an
internal thioester bond that, upon rupture, forms an ester linkage to a
hydroxyl group on a target. The secreted C3, because of this unstable
thioester bond (1–2% turnover per hour), spontaneously ‘‘ticks’’ over.
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One could envision its role being to attach to foodstuffs or microbes or
activated proteases. To capture such targets, a recognition protein (receptor)
on host cells was required. Such a system could operate for a single cell
organism.

Subsequent evolutionary developments of the complement system can
be viewed as providing a means to (1) amplify the process (put more C3b
on target), and (2) increase the specificity and efficiency of the targeting
process. Two such evolutionary developments were a cascade of pro-
teases whose goals were to amplify the C3 activation process and more
specific triggering mechanisms. The latter were antibodies in the case of
the CP and lectins in the case of the lectin pathway (LP). In addition, the
release of small proinflammatory peptides (C3a and C5a) and a lytic
cascade (C5b-9) provided additional ingredients for an enhanced innate
immune response.



Inherited Complement Regulatory Protein Deficiency 147
For the alterative pathway, which does not have a specific trigger
analogous to the CP or LP, the cascade employs a feedback loop. The
target-bound C3b interacts with a 100-kDa zymogen serine protease of
plasma known as factor B (FB) (Fig. 4.1). FB can then be activated by a
small (25 kDa) plasma protease factor D (FD). FD cleaves FB into two
fragments, Bbþ Ba. The Bb piece remains bound to C3b to form the AP C3
convertase (C3bBb). This represents a powerful feedback loop because
native C3 is the substrate for this heterodimeric enzyme. Newly generated
C3bs also bind to the target and then form more C3 convertases.
C3b anchors the heterodimeric protease to the membrane and Bb is the
catalytic domain of the C3 convertase. This feedback loop can deposit
several million C3bs on bacteria or a human cell in <2 min. Properdin (P)
stabilizes the AP C3 convertase, extending its half-life from 20–30 s to
3–4 min. In vivo, it is probably required for efficient convertase activity.

A commonly asked question regarding the AP activation process
relates to how the initial activated C3 is generated. There are several
possibilities: (1) CP activation by antigen/antibody complexes; (2) LP
activation via sugar/lectin complexes; or (3) spontaneous, continuous
‘‘tick over’’ of C3 to generate iC3 (C3 with a cleaved thioester bond
which is analogous to C3b). In the most accepted rendition, originally
worked out by groups led by Frank Austen and Hans Muller Eberhard,
the newly activated C3 (C3 with a cleaved thioester bond) forms a tran-
sient fluid phase convertase to generate C3b (Fearon, 1979; Pangburn and
Muller-Eberhard, 1984). Another likely mechanism is via the turnover
process with direct binding to the target. Hourcade has recently pointed
out a mechanism whereby P binds to a target and then interacts with
spontaneously generated iC3 or C3b generated via the fluid phase con-
vertase ( Hourca de, 2006 ; Spi tzer et al. , 2007). Once a small amount of
activated C3 becomes bound to a target, it is then amplified via the
feedback loop. The CP and LP accomplish C3 activation by proteolytic
cleavage of C3 to C3b and C3a. The newly generated nascent C3b has a
fewmicroseconds to attach to a nearby target before it is hydrolyzed. This
attachment mechanism largely restricts complement activation in time
and space to the membrane on which the initial C3b is covalently bound.

In addition to instability of the thioester (Law et al., 1979) and the fluid
phase convertase of the AP convertase formation (Fearon, 1979; Pangburn
and Muller-Eberhard, 1984), other evidence supports this C3 tick over
concept. Upon purifying human albumin, a small fraction was noted to
run on gels at �100 kDa. It represented a C3d fragment covalently bound
to albumin (Atkinson et al., 1988). C3d is a small degradation fragment of
C3b that remains attached to a target (immunologic scar) since it contains
the site of thioester bond. Second, during their 120-day life span, human
RBCs acquire fragments of C4d and C3d that are covalently attached to
RBC membrane proteins. In the case of C4, which is an evolutionary
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cousin of C3 and also possesses a thioester bond, this C4d fragment is the
basis for the Chido-Rodgers blood group antigen system because the two
C4 genes are highly polymorphic (Atkinson et al., 1988; Giles, 1988).
Finally, in an observation that goes back over 100 years, serum left on
bench top overnight no longer possesses complement functional (lytic)
activity. C4 and C3 have turned over secondary to spontaneous activation
of their thioester bond. The C3 and C4 proteins are present but are
nonfunctional.
2.2. Regulation of the alternative complement pathway

Regulation of the AP C3 convertase is by two processes, decay accelerat-
ing activity (DAA) and cofactor activity (CA) (Fig. 4.2). The former refers
to the dissociation of the convertase. Specifically, the decay accelerator
protein displaces the catalytic Bb from the target-bound C3b. However
and critical to this discussion, this C3b can bind another FB and then
reform the convertase. To prevent this, C3b is inactivated by limited
proteolytic cleavage (Fig. 4.2). This CA requires two participants—a
cofactor protein that binds to the C3b and a protease that then cleaves
the C3b. Such cleaved C3b, iC3b, is no longer capable of binding FB and
thus cannot form the AP convertase. DAA and CA are synergistic in
controlling the AP C3 convertase (Brodbeck et al., 2000). Host regulatory
proteins with DAA and CA for the AP C3 convertase are abundant in
plasma and on cell surfaces. While the division of labor is different on
cells versus the fluid phase, the composite functional repertoire is the
same. The plasma protein factor H (FH) binds C3b and has both DAA and
CA for the AP C3 convertase. On cells, membrane cofactor protein (MCP,
CD46) has CA for C3b while decay accelerating factor (DAF, CD55)
possesses disassociating activity for the AP C3 convertase. The same
plasma serine protease, factor I (FI), mediates proteolytic cleavage of
C3b by either FH or MCP. DAF and MCP are called intrinsic inhibitors
because they only ‘‘work’’ on C3b and C3 convertases bound to the same
cell on which they are expressed (Medof et al., 1984; Oglesby et al., 1992).
2.3. Regulatory proteins

2.3.1. Factor H (CFH)
FH is an abundant 150-kDa plasma protein synthesized by the liver (Vik
et al., 1990). It consists solely of 20 contiguous modules called complement
control protein (CCP) repeats (Fig. 4.3). These modules contain�60 amino
acids with four invariant cysteines and 10–15 other highly conserved
residues (Barlow et al., 1991). The first four repeats of FH (CCPs 1–4)
possess the major C3b binding site and the only cofactor site (Alexander
and Quigg, 2007). As shown in Fig. 4.3, additional C3 fragment binding



+ Factor I

Binding

C3b

MCP

iC3b

C3f

MCP

Inactivation

C3b

DecayBb

C3b

Bb

C3b

DAF

Cofactor activity

DAF

Decay acceleration activity

Binding Bb

C3b

FIGURE 4.2 Regulation of the alternative pathway (AP) by cofactor activity (CA) and

decay accelerating activating (DAA). CA results in the permanent inactivation of C3b to

iC3b, such that it is no longer capable of binding FB and thus cannot form the AP

convertase. CA requires both a cofactor protein and a protease, factor I (FI). MCP is the

cofactor protein in this example. It is the deficiency of CA, either the cofactor protein

(MCP or FH) or the protease FI, which predisposes an individual to aHUS. DAA is the

dissociation of the C3/C5 convertases. Specifically, the decay accelerator protein, in this

example DAF, displaces the catalytic Bb from target-bound C3b. However, this C3b can

bind another FB and then reform the convertase.

Inherited Complement Regulatory Protein Deficiency 149
sites are situated along this linear protein. Another major biologic activity
scattered among the repeats are heparin (anionic) binding sites, with a
major one in CCPs 19 and 20. These positively charged basic amino acid-
rich binding sites allow this protein to attach to negatively charged, acidic
extracellular tissues, such as matrixes and basement membranes, where
they prevent these acellular materials from being attacked by the comple-
ment system. Healthy cells are protected by the constitutively expressed
DAF, MCP, and an inhibitor of the membrane attack complex, CD59.
However, in the setting of trauma, apoptosis, or necrosis, cell membranes
may be damaged, turned inside out, or destroyed so that the outward



1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

C3b C3b

Hep Hep

CRP

B. burgdorferi

N. gonorrhoea

S. pneumonia

S. pyogenes

O. volvulus

C. albicans

60% aHUS 
mutants

Y402H 
AMD risk SNP

Pathogen binding

C3b

Hep

DAA/CA

FIGURE 4.3 Functional domains of factor H (FH) and disease-associated genetic

changes. FH is made up of 20 CCP modules. The binding sites for CRP, heparin

(polyanions), and C3b are shown. The binding sites of microorganisms are shown by

shaded boxes. The location of the AMD-associated SNP and the hotspot for

aHUS-associated mutations are demonstrated by open arrows.

150 Anna Richards et al.
facing membrane proteins are no longer in place to guard against com-
plement attack. Through binding of FH to such substances, activation by
the complement system is controlled. As might be anticipated, multiple
pathogens have evolved binding sites for FH in order to protect
themselves from AP activation (Fig. 4.3).

2.3.2. Membrane cofactor protein
MCP (CD46) is a widely expressed membrane inhibitor of complement
activation (Hourcade et al., 1989; Liszewski et al., 1996). It is a 55–65 kDa,
type 1 transmembrane protein that binds C3b and C4b (Fig. 4.4). Upon such
binding, FI can cleave C3b and C4b. The resulting fragments iC3b and
C4d are not capable of forming convertases. This is particularly critical for
regulation of the AP C3 convertase because C3b (but not iC3b) can bind
FB and then reform the convertase. MCP is expressed on most cell types,
as four isoforms, which vary in their juxtamembraneous O-linked sugar
domain and cytoplasmic tail. The two distinct cytoplasmic tails possess
CK and Src kinase sites which are phosphorylated upon MCP
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cross-linking (Kemper and Atkinson, 2007). In addition to its intrinsic
complement regulatory activity, MCP is involved in sperm–egg interac-
tions, being expressed on the inner acrosomal membrane (Riley-Vargas
and Atkinson, 2003; Riley-Vargas et al., 2004, 2005). Cross-linking CD3
and CD46 on naı̈ve human T cells leads to a T regulatory phenotype as
evidenced by proliferation, IL-10 secretion, and granzyme B synthesis
(Kemper and Atkinson, 2007). Finally, CD46 is a microbial magnet
as eight human pathogens interact with this protein (Cattaneo, 2004;
Gill and Atkinson, 2004; Liszewski et al., 2005; Riley-Vargas et al., 2004).

2.3.3. Factor I
FI is a two-chain serine protease of plasma (Fig. 4.5) that cleaves C3b and
C4b but only in conjunction with a cofactor protein (Fearon, 1979;
Goldberger et al., 1987). The gene encoding FI is at 4q25 and its genome
covers 63 kb with 13 exons. FI is synthesized in the liver as a single chain
precursor and is then proteolytically processed into a disulfide-linked
heavy chain of 55 kDa and light chain of 38 kDa. The light chain consists
of a typical catalytic serine protease domain while the heavy chain
contains multiple modules whose functions are obscure. FI’s serum con-
centration is 39–100 mg/ml (de Paula et al., 2003). It is present inmost body
secretions at �10% of the serum level. This may derive from blood or be
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synthesized locally since multiple cell types including endothelial cells,
monocytes/macrophages, and some epithelial cells synthesize FI (Dauchel
et al., 1990; Vyse et al., 1996; Whaley, 1980).
3. LESSONS FROM HOMOZYGOUS COMPLEMENT
REGULATORY PROTEIN DEFICIENCIES

3.1. Plasma proteins FH and FI

Homozygous FH deficiency has been described for humans (Ault et al.,
1997; Dragon-Durey et al., 2004), the Norwegian Yorkshire pig (Hogasen
et al., 1995), and FH knockout mousemodel (Pickering et al., 2002). In man,
there is an increased frequency of infection with encapsulated organisms
and an association with the development of membranoproliferative glo-
merulonephritis type II (MPGN II). The pig and mouse models also
develop MPGN II.

Over 30 families with complete FI deficiency have been described
(Kavanagh et al., 2005; Reis et al., 2006). The clinical manifestations of
increased susceptibility to recurrent infection with encapsulated microor-
ganisms are present from early childhood. Two patients with complete FI
deficiency have been reported to have renal disease. One patient had
serological evidence of SLE and diffuses proliferative glomerulonephritis
on renal biopsy (Amadei et al., 2001). The other patient presented with a
multisystem inflammatory disorder characterized by hepatitis, pneumoni-
tis, myositis, and a microangiopathic vasculitis. This patient subsequently
developed focal segmental glomerulosclerosis (Sadallah et al., 1999).

A complete deficiency of either FH or FI therefore leads to uncontrolled
activation of the amplification loop of theAP.Without fluidphaseCA, there
is spontaneous, unregulated C3 turnover to the point of exhaustion in
plasma, such that initially, these patients were thought to have a primary
C3 deficiency. In the FI-deficient patients, membrane CA mediated by
MCP is also lacking. The secondary deficiency of C3 leads to a defect in
opsonization, immune adherence, and phagocytosis, explaining the predis-
position to infection with encapsulated organisms. These observations also
support the concept of continuous AP-mediated low-grade turnover of C3
in the fluid phase and explain the finding by Chester Alper and colleagues
three decades ago that infused plasma (containing donor FH and FI) was
able to transiently correct the excessive C3 turnover (Ziegler et al., 1975).
3.2. Membrane proteins MCP and Crry

In the mouse and rat, MCP is only expressed on the inner acrosomal
membrane of spermatozoa (Riley-Vargas and Atkinson, 2003; Riley-
Vargas et al., 2005). This stands in contrast to its nearly ubiquitous
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expression pattern in other mammals including man. To replace the
missing CA carried by MCP in these rodents, a related complement
inhibitor known as Crry is expressed (Molina, 2002; Wong and Fearon,
1985). Molina knocked out this gene in the mouse and the result was
embryonic lethality on �day 7 (Xu et al., 2000). Immunohistochemistry
demonstrated C3 fragments densely coating the developing placenta but
not the maternally derived decidua. C3 deficiency in the mother rescued
the phenotype, conclusively establishing that the maternal complement
system was attacking the developing placenta to cause the mortality.
More recently, deficiency of AP component FB has been shown to rescue
the phenotype (X. Wu and J. A., unpublished data). Thus, in the mouse,
Crry is absolutely essential to protect the embryo-derived placental tro-
phoblast from attack by the mother’s AP. This result, along with a sub-
stantial body of confirmatory evidence, establishes that all cells/tissues
must have protection from the constantly turning over AP. It also points
out that the functions of the plasma protein FH and Crry (or MCP) are not
overlapping. FH is normal in these (Crry�/�) mice and it did not protect
the placenta (Xu et al., 2000). Likewise, Crry does not prevent fluid phase
C3 turnover in FH�/� mice (Pickering et al., 2000).

Because of these data, a complete deficiency of MCP in man was
conjectured to be embryonic lethal. However, two individuals were
described with biallelic mutations and no detectable MCP on their periph-
eral blood cells (Fremeaux-Bacchi et al., 2006). Unfortunately, there is
limited clinical data on both patients.
4. COMPLEMENT AND ATYPICAL HEMOLYTIC
UREMIC SYNDROME

4.1. Hemolytic uremic syndrome

Hemolytic uremic syndrome (HUS) is a clinical triad of hemolytic anemia,
thrombocytopenia, and acute renal failure. It is characterized by endothe-
lial cell injury in the microvasculature of the kidney, and the host’s
subsequent innate immune response to damaged tissue (Kavanagh
et al., 2008a). There are two main subtypes, diarrheal-associated/epidemic
HUS (DþHUS) or nondiarrheal-associated or atypical HUS. In the epi-
demic form of HUS, a shiga toxin (Stx most typically derived from
Escherichia coli O157:H7) mediates the damage to glomerular endothelial
cells of the kidney (Tarr et al., 2005). No underlying genetic factors have
been described to account for the 10–15% of individuals (mostly children)
in these epidemics who develop HUS. In aHUS, other types of infections,
for example, Streptococcus pneumoniae, drugs (e.g., mitomycin, quinine),
and radiation act as the trigger resulting in endothelial cell injury
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(Kavanagh et al., 2006), but there is usually no preceding diarrhea. aHUS
is a disease with a 25% acute mortality and 50% develop end-stage renal
disease (Noris and Remuzzi, 2005). In aHUS, haploinsufficiency of a
complement regulatory protein of the AP predisposes to the disease, as
do activating mutations in FB.
4.2. Factor H

A connection between mutations in FH and aHUS was first made by
Warwicker et al. (1998). Using a candidate gene approach, they demon-
strated linkage to 1q32, the site of the regulators of complement activation
(RCA) gene cluster (Fig. 4.6), in three large pedigrees, and subsequently
identified mutations in FH in one family and one sporadic case. These
findings were subsequently confirmed in several large cohorts of aHUS
patients (Buddles et al., 2000; Caprioli et al., 2001; Dragon-Durey et al.,
2004; Neumann et al., 2003; Perez-Caballero et al., 2001; Richards et al.,
2001). In these cohorts, mutations in FH accounted for between 15 and
30% of aHUS.

Approximately 60% of the independent mutational events cluster in
CCPs 19–20 and another 20% are in CCPs 15–18 (Fig. 4.7). Other patients
have mutations in additional parts of the gene leading to FH haploinsuf-
ficiency, as evidenced by �50% of normal plasma levels. Only a few
mutations in FH have been systematically studied but analyses of repre-
sentative ones in CCP 20 have defined defects in binding to heparin, C3b,
and endothelial cells (Heinen et al., 2006; Jokiranta et al., 2005; Jozsi et al.,
2006; Manuelin et al., 2003; Sanchez-Corral et al., 2002, 2004; Vaziri-Sani
et al., 2006).

Nuclear magnetic resonance (NMR) and crystal structures of CCPs 19
and 20 have been published (Herbert et al., 2006; Jokiranta et al., 2006).
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Subsequent structure-based interpretation of the aHUS-associated muta-
tions demonstrated the likely disruption of polyanion binding in theNMR
structure (Herbert et al., 2006). However, analysis of the crystal structure
suggested that it is binding affinity for C3d and C3b which is the critical
activity perturbed by aHUS-linked mutations (Jokiranta et al., 2006).

A transgenic mouse model lacking the terminal five CCP domains of
FH has been developed by Pickering et al. (2007). The mutant FH pro-
duced in these mice failed to bind to endothelial cells in a manner
analogous to the mutations seen in aHUS individuals. This mouse
regulated C3 activation in plasma but spontaneously developed aHUS.

Thus, the results of the functional studies, NMR and crystal structures,
and themousemodel suggest that mutations in FH seen in aHUS interfere
with ligand binding and thus prevent FH binding to host cell surfaces/
basement membranes. This will prevent the control of AP amplification at
these sites while fluid phase regulation remains unimpaired.

In addition to mutations in FH, single nucleotide polymorphisms
(SNPs) in FH have also been associated with aHUS (Caprioli et al., 2003;
Esparza-Gordillo et al., 2005; Fremeaux-Bacchi et al., 2005). One of these
polymorphisms C-257T is located in a putative NF-kB binding site of the
FH promoter. Although suggested to have a role in expression, there is no
in vivo data to confirm this and the SNPs may simply be in linkage
disequilibrium with other susceptibility alleles.
4.3. FH-related genes

In addition to FH, the RCA cluster contains five FH-related genes (FHR1–5)
(Fig. 4.4). A haplotype containing a deletion of two of these genes, FHR1
andFHR3, has beendemonstrated to increase the risk of aHUS (Zipfel et al.,
2007). Although, a regulatory function is suggested by their ability to
bind C3b and heparin, neither FHR1 nor FHR3 has intrinsic CA and
DAA. FHR3 does have a cofactor-enhancing activity (Hellwage et al.,
1999). Serum from aHUS patients lacking FHR1 and FHR3 showed an
impaired ability to protect erythrocytes from complement activation
(Zipfel et al., 2007). However, it is as yet unclear whether it is the absence
of FHR1 and FHR3 that is responsible for the increased risk of aHUS
per se, or whether this deletion is in linkage disequilibrium with other
susceptibility alleles in FH.
4.4. Membrane cofactor protein: CD46

The initial linkage analysis to the RCA cluster in aHUS patients led to the
discovery of mutations in FH in two of the three families used in the
analysis (Venables et al., 2006; Warwicker et al., 1998). The cause of
aHUS in the third family remained elusive until further linkage analysis
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by Richards et al. (2003) led to the discovery of mutations in MCP.
Mutations in MCP account for 10–13% of aHUS (Caprioli et al., 2006;
Esparza-Gordillo et al., 2005; Fremeaux-Bacchi et al., 2006; Noris et al.,
2003). The initial 25 mutations in MCP in patients with aHUS have been
reviewed (Richards et al., 2007). All but two occur in the four extracellular
CCPswhich contain the region critical for complement regulation (Fig. 4.4).

Mutations in MCP are of two general types, illustrated by the first two
mutations identified in 2003 (Richards et al., 2003). In one family, a 6-bp
deletion led to a 2 amino acid deletion. This results in a misfolded protein
that is retained in the endoplasmic reticulum. The patients are haploinsuf-
ficient, expressing 50%of the normal levels as documented by fluorescence
activated cell sorting (FACS) analysis of peripheral blood mononuclear
cells (PBMCs) (Type 1 mutation). About 75% of aHUS-associated MCP
mutations are of this type and are caused by a mixture of deletions as well
as splice site, nonsense, and missense mutations (Richards et al., 2007).

In the remaining 25% of cases, the mutant is expressed normally but
has absent or decreased complement regulatory activity (Type 2 mutation).
For example, the S206P mutation in the initial report by Richards et al.
(2003) has �7% of the expected AP regulatory activity, if evaluated in the
fluid phase or in situ. In two of thesemutants (R69W, A304V), no detectable
defect in C3b binding by the enzyme-linked immunosorbent assay (ELISA)
or fluid-phase cofactor assays was observed. Subsequently, however, per-
manent Chinese Hamster Ovary (CHO) cell lines expressing equivalent
copy numbers of these proteins allowed for their inhibitory activity to be
quantitatively assessed in situ (Liszewski et al., 2007; Richards et al., 2007).
They were both defective in CA on CHO cell lines when the AP was
activated (Fang et al., 2007).

Approximately 75% of the aHUS patients with an MCP mutation are
heterozygous (Richards et al., 2007). The other 25% represent an interesting
mix in which there are biallelic mutations, two of which are compound
heterozygotes and seven are homozygous. Of the latter, two individuals
were shown to be null for MCP expression on the patients’ peripheral
blood cells. Unfortunately, the clinical information is limited on these two
cases and their families. The others had reduced levels or expressed a
mutant protein with detectable but reduced function. Because of MCP’s
potential role in autoimmunity, T regulatory cell development (Kemper and
Atkinson, 2007; Kemper et al., 2003), and reproduction (Riley-Vargas and
Atkinson, 2003; Riley-Vargas et al., 2005), their follow up will be of interest.

In addition to haploinsufficient predisposing to aHUS, Esparza-
Gordillo et al. (2005) identified a haplotype they named MCPggaac that
is increased two- to threefold in patients with aHUS (60%) versus controls
(23%). The MCPggaac haplotype extends over a large part of the RCA
gene cluster. The Madrid group analyzed the MCPggaac in a receptor
gene assay system and demonstrated a reduction of 25% in transcriptional
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activity. Assuming these data can be transmitted to MCP expression
in vivo and because most of these patients are also heterozygous for a
mutation in FH, MCP, or FI, the functional level of normal MCP would be
reduced 25% of that of normal individuals. The association between MCP
SNPs, and aHUS has subsequently been confirmed in two independent
cohorts of patients (Fremeaux-Bacchi et al., 2005). These results suggest
that it is the composite level of regulatory activity for the AP which
accounts for the predisposition to aHUS.
4.5. Factor I

Mutations in FI account for 5–12% of the mutations in aHUS (Caprioli
et al., 2006; Esparza-Gordillo et al., 2005; Fremeaux-Bacchi et al., 2004;
Kavanagh et al., 2005). All FI mutations described so far in aHUS have
been heterozygous (Fig. 4.5). Approximately 40% of the FI mutants asso-
ciated with aHUS result in no or reduced secretion of FI (Type 1 muta-
tions) (Kavanagh et al., 2006). The remaining mutations produce a mutant
protein that is secreted but is not functionally active.

We have analyzed the functional consequences of six mutated FI
proteins where the protein is expressed normally (Kavanagh et al.,
2008b). Of those, three had no CA, one had �30% of normal activity,
and two had no detectable abnormality. The three with no activity (I322T,
D501N, and D506V) had mutations in the serine protease domain. The
other mutant-lacking activity (R299W) was in a domain of unknown
function at the carboxyl terminus of the heavy chain, although it does
contain the cysteine which forms the disulfide bridge linking the two
chains. Two other examples, G243D and M120I, have also been studied
in which no detectable functional deficiency was identified (Kavanagh
et al., 2008b). However, in none of these studies have all four cofactor
proteins (CR1, FH, MCP, C4bp) been evaluated in the fluid phase and on
C3b and C4b bound to a variety of targets.
4.6. Factor B

As this chapter was being written, gain of function mutations in FB were
reported in aHUS (Goicoechea de Jorge et al., 2007). One mutation (F286L)
stabilized the convertase by increasing the affinity of its interaction with
C3b (a more active enzyme) and was within a few amino acids of a previ-
ously reported mutant that also stabilized the convertase (Hourcade, 2006;
Kuttner-Kondo et al., 2003). The other mutation (K323E) made the enzyme
complex more resistant to decay by FH. These data further illustrate that
‘‘just the right amount’’ of AP activation at a site of tissue injury in the renal
endothelium is necessary to avoid this disease process. At least in the
microvasculature of the kidney glomerulus, an increase in AP activating
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capacity or a decrease inAP regulatory activitypredisposes to aHUS. Thesedata
raise the spectra of a gain of functionmutations in C3, FD, or P as additional
candidates for mutations in aHUS. Along these lines, it is surprising that a
deficiency of DAF (examined so far in two series) has not been associated
with aHUS (Goicoechea de Jorge et al., 2007; Kavanagh et al., 2007a).
4.7. Disease penetrance

The penetrance of mutations in FH, MCP, and FI is �50% in all reported
series with many patients having an unaffected parent. Thus, a mutation
in a single complement regulatory gene by itself may not be sufficient to
cause aHUS. In addition to being haploinsufficient for FI, FH, or MCP,
other genetic factors related to AP activation and regulation may be
required. For example, 10–20% of patients bearing an MCP mutation
also carry a FH or FI mutation. Others carry the risk polymorphisms in
promoter regions of the FH and MCP genes detailed earlier. Along these
lines, a particularly informative pedigree was reported by Esparza-
Gordillo et al. (2006) in which there were two mutations, one in MCP
and one in FI, in addition to the MCPggaac haplotype. Only when all
three risk factors came together in an individual did aHUS occur.

In the only family with an FB mutation (F286L) and aHUS, incomplete
penetrance is again seen with only 7 of 11 developing aHUS. In this
family, all seven individuals with aHUS had both the F286L mutation
and the MCPggaac haplotype. Also, the single individual with K323E
mutation in FB mutation has the MCPggaac haplotype. These results
further emphasize that it requires the combined action of FH, MCP, and
FI to control the amplification loop of the AP.

Even when genetic risk factors segregate together in an individual,
often disease does not manifest until middle age. This suggests that a
precipitating cause is needed to unmask these latent complement regu-
latory defects. In a recent series of patients with mutations in MCP, aHUS
was precipitated in all cases by infection (Caprioli et al., 2006). In FH-HUS,
70% of cases were preceded by infection while pregnancy and drugs both
accounted for 4% (Caprioli et al., 2006). In FI-HUS, 40% were preceded by
pregnancy while 60% were precipitated by infection.
5. COMPLEMENT AND AGE-RELATED
MACULAR DEGENERATION

5.1. Age-related macular degeneration

AMD is the leading cause of irreversible blindness in individuals over
60 years in the developed world (Gehrs et al., 2006; van Leeuwen et al.,
2003). It affects 30–50 million people worldwide with 14 million severely
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visually impaired. The diagnosis of AMD rests on the finding of drusen
(German for geode) in the macula. They appear as whitish to yellowish
dots in the retina, a hallmark of AMD. The size and number of drusen
correlate with severity of the visual loss. Their origin remains obscure but
they consist in part of lipofuscin pigments derived from degenerating
retinal pigmented epithelial (RPE) cells. This is thought to be the primary
defect in AMD. They also contain locally synthesized and exogenously
derived plasma components that are responding to this debris. Drusen
accumulation is exacerbated by environmental and genetic factors. The
primary environmental factor is smoking. A genetic influence has long
been proposed because of the often familial nature (up to 30%) of this
condition. In AMD, drusen number and size tend to progressively
increase but at a variable pace from patient to patient.

AMD is commonly grouped into two clinical categories, namely ‘‘dry’’
atrophic type and the exudative, neovascular, or ‘‘wet’’ form. Dry AMD
accounts for 90% of the disease and the 10% of wet AMD cases commonly
develop on a background of dry disease. Wet AMD refers to ingrowth of
choroidal vessels toward the fovea which is accompanied by serous or
hemorrhagic fluid accumulation. It is responsible for most of the severe
visual loss in AMD, but extensive drusen formation in dry AMD
(geographic atrophy) may also cause visual loss.

In addition to drusen, there are pigmentary changes in the macula that
are caused by dysfunctional (degenerative) changes in RPE cells.
An important function of RPE cells is to regenerate visual pigments (rho-
dopsin). RPE cells phagocytose the shed tips of rods and cones. Probably
because of incomplete digestion of lipofuscin pigments, they progres-
sively accumulate in RPE cells throughout life and may be responsible
for the eventual degenerative changes including apoptosis.
5.2. Factor H

An important role for innate immunity and, particularly the complement
system, was proposed for AMD by Hageman et al. (2001). Using immu-
nohistochemistry, this group demonstrated heavy coating of drusen with
C3 fragments and several other complement-derived proteins including
C5b-9 and FH. Although the basic observation was not in doubt, the
pathophysiological significance was of unclear import. Most investigators
felt that this was a bystander phenomenon and not directly or possibly
even indirectly involved in the pathogenesis of AMD.

However, in 2005, four simultaneous reports of whole genome screens
of AMD patients found an association with a SNP in the FH gene
(Edwards et al., 2005; Hageman et al., 2005; Haines et al., 2005; Klein
et al., 2005) leading to new agreement that innate immunity through the
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complement system was playing an important role in the pathogenesis.
The SNP was in the coding region (CCP 7) of FH, and produced a change
in amino acid 402 from tyrosine to histidine (Fig. 4.3). It accounts for
�50% of the genetic risk in AMD. Heterozygous individuals have a
two- to threefold and homozygous individuals have a five- to sevenfold
increased risk of developing AMD.

This polymorphism is present in 30–40% of the Caucasian and
African populations but in less than 5% of Asians (Chen et al., 2006; Lau
et al., 2006; Uka et al., 2006). CCP 7 is one of the three anionic binding sites
in FH. CCP 7 is also where C-reactive protein (CRP) binds as well as four
pathogens interact with FH (Fig. 4.3). The simplest scenario, analogous
to the situation in aHUS, is that FH carrying the H402 variant does
not as efficiently bind to components of a drusen as the Y402 FH
variant. Consequently, in the individuals with the H402, the AP is more
active on a drusen. Thus, there is more local inflammation and presum-
ably more collateral damage in the retina. The H402 polymorphism is
not the primary cause of AMD but is postulated to accelerate disease
development.

The Y402H polymorphism affects binding affinity of FH to CRP, an
acute phase protein. FH purified from sera of AMD patients homozygous
for the 402H variant showed a significantly reduced binding to CRP
compared to the Y402 variant. A recombinant fragment of FH (CCPs
5–7) containing the same amino acid change also showed reduced bind-
ing to CRP for the H402 variant (Laine et al., 2007; Sjoberg et al., 2007). It is
hypothesized that, because the interaction of FH and CRP promotes
complement-mediated clearance of cellular debris in a noninflammatory
fashion, the H402 variant predisposes to an impaired targeting of FH to
cellular debris. Consequently, in individuals with AMD, there will be a
reduction in debris clearance and an increase in inflammation along the
macular RPE–choroidal vessel interface.

Clark et al. (2006) showed that the H402Y polymorphism in CCP 7
of FH is adjacent to a heparin binding site, and that the variants
differentially recognize heparin. The H402 variant eluted at a lower salt
concentration from a HiTrap heparin-affinity column compared with
Y402, indicating that the latter has a higher affinity for heparin/GAGs.
This work was confirmed by Herbert et al. (2007). They also demonstrated
that the Y402 variant binds more tightly to a heparin-affinity column and
to defined-length sulfated heparin oligosaccharides used in gel-mobility
shift assays than the H402 variant. These data suggest that the protective
Y402 variant has a higher affinity for heparin sulfate residues in exposed
basement membranes. It supports a causal link between H402Y and
AMD, whereby a reduction of FH binding to age-related changes in the
glycosaminoglycans composition and apoptotic activity of the macula
predisposes to AP complement-mediated injury. One mechanism by
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which this may be mediated was proposed by Fernando et al. (2007) who
analyzed the complexes formed between heparin and recombinant FH
CCP 6–8 domains using analytical ultracentrifugation and X-ray scatter-
ing. They suggested that the H402 variant may self-associate more readily
than Y402 allotype to form dimers. This may reduce its availability to
interact with heparin and possibly CRP.

Of the microbes reported to bind FH, Streptococcal pyogenes seems most
likely to have driven this evolutionary change. The hypothesis under
evaluation is that the H402 variant provides a survival advantage against
this pathogen. Specifically, this polymorphic variant decreases the ability
of S. pyogenes to bind FH and therefore protects itself against complement
attack. This amino acid change may have the unanticipated negative
consequence, if one lives long enough, in that FH H402 also does not bind
as well to a drusen. The result of this set of circumstances is that more
complement activation and inflammation occurs for a given degree of
RPE degeneration and drusen accumulation.

Further, other protective and risk forms of FH have now been
described. For example, a protective haplotype consists of deletion at
the end of the FH gene and encompassing all of FHR1/3 gene that occurs
in �5% of normal individuals but only in �1–2% of AMD patients
(Hageman et al., 2006; Hughes et al., 2006). The other major noncomple-
ment genetic risk factor in AMD, LOC387715 (Jakobsdottir et al., 2005;
Rivera et al., 2005), has been mapped to a little-known tissue protease.
5.3. Factor B/C2

In 2006, two protective haplotypes and a single risk haplotype of FB were
identified in AMD (Gold et al., 2006). One of the protective SNP haplo-
types leads to an amino acid change in FB previously shown to result in
reduced AP activity (Lokki and Koskimies, 1991). The concept here,
analogous to aHUS, is that a gain of function mutation would be disease
accelerating while a loss of function would be protective against the
development of AMD.
6. IMMUNOPATHOGENESIS OF aHUS and AMD

6.1. Atypical HUS

In aHUS, the following sequence of events may be proposed: a toxin,
commonly in association with an infectious illness, causes an injury to
endothelial cells in the vasculature of the renal glomerulus. This leads to
complement activation at this site because the injury induces apoptotic
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and/or necrotic cells, with or without exposure of the underlying base-
ment membrane. Natural antibodies, for example, antiendothelial cell
antibodies, lectins, or the AP itself could be involved in generating the
initial C3b deposition. The AP feedback loop is then engaged by this C3b,
leading to further C3b deposition. In the presence of a lack of normal
regulatory activity on injured cells with MCP deficiency, or on cells and
at exposed tissue sites with FH deficiency, this allows for excessive
complement activation (Fig. 4.8). This in turn generates too much opso-
nization, C3a/C5a anaphylotoxin liberation, and C5b-9 formation—such
that any one of or a combination of these factors then leads to a procoa-
gulant state. The release of tissue factor in response to C5a release and
of von Willebrand factor from damaged endothelial cells are examples
of how this procoagulant state may be perpetuated (Kavanagh et al.,
2008a).
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6.1.1. Related issues
6.1.1.1. Overlapping function of FH and MCP Mutations in aHUS unequiv-
ocally point out that these two regulatory proteins’ functions are not
overlapping in vivo. At least in the kidney glomerulus, a 50% reduction
in one or the other predisposes to disease. These data are consistent with
studies of Crry or FH-deficient mice in which neither one can protect
against accelerated C3 turnover in a complete absence of the other
(Pickering et al., 2002; Xu et al., 2000).
6.1.1.2. Complement activation and regulation on endothelial cells Endo-
thelial cells abundantly express complement regulatory proteins. Typical
copy numbers/cell on several types of human endothelial cells (including
HMECS) are �200,000 of DAF, �400,000 of MCP, and �1,400,000 of CD59
(A. R. and J. A., unpublished data). These are the highest copy number/
cell that we are aware of for a normal human cell population. aHUS
teaches us that this number of MCP/cell is required to guard against
excessive activation on renal glomerular endothelial cells (Liszewski
et al., 2007). These complement regulatory MCP haploinsufficient indivi-
duals are healthy except for the development of aHUS. Other organ
systems do not develop disease despite expressing 50% of the normal
level. Also, aHUS points out that at least, in the renal endothelium, FH
and MCP are both required. They are not redundant as MCP haploinsuf-
ficient aHUS patients have normal levels of FH and vice versa. Along this
line, 50% of normal serum levels of FH or FI are also inadequate to protect
against the development of aHUS. Thus, there is a reason why humans
express a certain level of MCP on endothelial cells and why plasma
concentrations of FH and FI are 500 mg/ml and not 250 mg/ml, and
50 mg/ml and not 25 mg/ml, respectively.
6.1.1.3. Binding of FH to human cells FH does not bind or at least it has
been very hard to demonstrate that FH binds to normal human cells.
A possible exception to this has been human endothelial cells in culture.
Endothelial cells, particularly human umbilical vein endothelial cells
(HUVECs) have been shown to bind FH in several studies, particularly
by the Zipfel group (Jozsi et al., 2007). Moreover, these investigators have
convincingly shown that several FH mutations in CCP 20 reduce endo-
thelial cell binding. Consequently, there may be a role for FH binding to
normal human endothelial cells in vivo, but we are not aware that this has
ever been demonstrated. However, what is clearer is that FH, through its
anionic binding sites, can attach to injured cells, exposed basement mem-
branes, and tissue matrices where it protects these materials from com-
plement attack. If it were not for this capability, excessive complement
activation would likely occur at sites of trauma, apoptosis, and necrosis.
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FH does though bind to ‘‘normal’’ human cells once C3b is bound.
However, on normal human cells, it requires a large amount of C3b (as it
does on an ELISA plate) to be bound. In the systemswe have investigated,
FH minimally, if at all, inhibits the quantity of C3b deposited by the AP
activated by antibody (Barilla-LaBarca et al., 2002; Liszewski et al., 2007).
What FH does accomplish with remarkable efficiency is to convert the
deposited C3b to iC3b, and thereby to provide another ligand for comple-
ment receptors (Barilla-LaBarca et al., 2002; Liszewski et al., 2007). Addi-
tional studies of injured cells are needed. Even in the absence of C3b
deposition or in the setting of small amount of deposited C3b plus
enhanced exposure to GAGs, FH binding may be efficient. In most situa-
tions of cellular injury, one would anticipate that FH and MCP combine
forces to prevent an excessive/undesirable amount of AP activation.
6.2. Age-related macular degeneration

Two scenarios will be proposed to account for a role of the complement
system in AMD. They are not mutually exclusive. The first is, in essence,
identical to that in aHUS except that the injured (possibly degenerate) cell
is the RPE cell rather than kidney microvascular endothelial cell. The
process of RPE destruction, whether triggered by environmental factors
(smoking, infection, hereditary), is accelerated by AP activation.

A second proposal concerns AP activation by drusen. C3 fragments,
FH, and C5b-9 have all been shown to coat drusen (Hageman et al., 2001).
Most complement-activating components are synthesized by RPE cells.
Complement regulatory proteins including FH and FH-like and related
proteins, MCP, DAF, and CD59 are also synthesized by RPE cells. It is
unclear how much of the deposited complement activation fragments are
derived from plasma versus locally synthesized. In any case, the proposal
comes down to the hypothesis of excessive and undesirable AP activation
on drusen. The local generation of C3 fragments, C3a/C5a, and C5b-C9
contribute to tissue damage by promoting inflammation, vascular ingress,
and RPE degeneration.

The Y402H polymorphism may reduce the affinity of FH for the
contents of a drusen. This reduced binding activity of H402 thus allows
for greater AP activity in this extracellular site of drusen formation. Since
CRP also binds to this same region of FH, involving CCPs 6–8, an alter-
ation in its interaction with FH could also be a contributing factor. CRP
binding can activate the CP but it also downmodulates subsequent loop
amplification and C5b-9 formation. While other scenarios are certainly
possible (such as FH binding influencing drusen formation or propaga-
tions independent of its role in AP regulation), the preceding hypothesis
seems to best fit with what we have learned relative to complement FH
deficiency in aHUS.
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7. TREATMENT OF aHUS and AMD

7.1. Treatment options for aHUS

7.1.1. Plasma infusion/exchange
Plasma infusion replaces deficient serum complement regulatory proteins
such as FH, FI, and FB and has been shown to be effective in managing
chronic recurrent childhood aHUS. A volume of 20–30 ml/kg has been
recommended for FH-HUS (Kavanagh et al., 2006). For those with aHUS
due to anti-FH antibodies, plasma exchange is a logical therapy for
removing the IgG antibodies (Kavanagh et al., 2006). Unfortunately, nei-
ther treatment addresses the underlying pathology, and relapse upon
discontinuation of therapy is the expected outcome.
7.1.2. Renal transplantation
Since FH, FI, and FB are primarily synthesized in the liver, transplantation
of a kidney will not correct this plasma protein deficiency. Consistent with
this, renal transplantation in FH is associated with an �80% recurrence
rate while in FI patients there is an �100% recurrence of aHUS in the
donated allograft (Bresin et al., 2006; Kavanagh et al., 2006). In one patient
transplanted with an FB mutation to date, there was again the expected
recurrence of aHUS (Goicoechea de Jorge et al., 2007). In contrast, the
transplanted kidney in aHUS patient carrying an MCP mutation expresses
normal levels of MCP. In this case, the success rate is �90%, similar to that
of most other kidney transplants (Richards et al., 2007). For this reason, it is
recommended that all aHUS patients be screened for FH, FI, FB, and MCP
mutations prior to transplantation (Kavanagh et al., 2007b). Renal trans-
plant is contraindicated in an FH or an FI mutation but acceptable with an
MCP mutation. If a family member is contemplated to be a donor, muta-
tional screening of the donor will be necessary due to a report describing
the development of de novo aHUS in living-related parental donors who
carried a previously unsuspected FH mutation (Donne et al., 2002).
7.1.3. Liver/renal transplantation
As FH, FI, and FB are all synthesized in the liver; combined liver/renal
transplantation represents a logical step in the efforts to treat the under-
lying cause of aHUS caused by mutations in these serum factors. It has
now been used on four occasions in an attempt to treat FH-HUS, but
unfortunately the first three cases had a very poor outcome with death
occurring in two (Cheong et al., 2004; Remuzzi et al., 2002, 2005). However,
the most recent case which used preemptive plasma infusion/exchange to
elevate levels of wild-type complement regulators prior to the procedure
was successful, suggesting that it is overcoming complement activation at
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the time of the transplants which is the key factor in determining outcome
and prognosis (Saland et al., 2006).
7.2. Treatment options for AMD

7.2.1. Antiangiogenic treatments
In addition to the standard measures of visual rehabilitation, blood pres-
sure control, smoking cessation, a diet rich in vegetables and antioxidants,
and the additional use of photodynamic laser for the neovascular (wet)
type of AMD, new optimism now exists for treatment of AMD in the form
of antiangiogenic therapies, namely vascular endothelial-derived growth
factor (VEGF) inhibitors. VEGF is a potent mitogen and vascular perme-
ability factor that plays a pivotal role in neovascularization. The role of
VEGF in AMD is less clear but increased levels are present in neovascular
membranes (Matsuoka et al., 2004). Putative mechanisms in the pathogen-
esis of AMD include induction of choroidal new vessels, increasing
vascular permeability with the formation of subretinal fluid or acting as
a proinflammatory agent causing leucocyte margination and damage to
retinal endothelial cells. Currently, Anecortave acetate (Retaane, Alcon), a
synthetic cortisone which blocks angiogenesis and inhibits VEGF; Pegap-
tanib (Macugen, EyeTech/Pfizer), a highly selective inhibitor of VEGF
(VEGF-165); Ranibizumab, (Lucentis, Genentech), a mouse/human
monoclonal antibody fragment that binds and blocks all forms of VEGF
(at the VEGF receptor binding site); and Bevacizumab (Avastin, Roche), a
whole humanized mouse antibody that binds and blocks all forms of
VEGF (at the VEGF receptor binding site), are under investigation in
clinical studies.

7.2.2. Complement inhibitors
The identification of polymorphic variants in FH and FB as risk factors for
the development of AMD due to overactivation of the AP of complement
has identified a new area for possible therapeutic intervention in AMD.
The use of complement inhibitors such as the anti-C5 antibody is
under consideration as a potential therapeutic strategy (Hillmen et al.,
2004, 2006).
8. CONCLUSIONS: LESSONS AND IMPLICATIONS

HUS and AMD are diseases in which there were only a few hints that
innate immunity and specifically the complement system might be
playing a major role in disease causation. Subsequently, candidate gene
studies identified genes that turned out to be predisposing in �50% of
aHUS patients, most of whom are haploinsufficient for one of three
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complement regulatory proteins required for degradation of C3b (CA). A
polymorphic variant in FH, present in about one-third of the American
population, accounts for 50% of the genetic risk in AMD. The common link
between these syndromes is excessive AP activation secondary to decreased
regulation of the AP. These two examples have implications for identifying
how innate immunity plays out in human disease. First, they beautifully
illustrate the power of human genetics to provide unsuspected disease
associations. Second, the association accounts for why the FH level in the
blood is �500 mg/ml and not �250 mg/ml and why there are �400,000
copies and not �200,000 copies of MCP per human endothelial cell. Third,
these associations point out our profound lack of knowledge of innate
immune function in specialized sites such as on endothelial cells and in
the retina. This raises the question of who are the key innate immune
players in the white matter of the brain or in wall of a coronary vessel? We
are largely ignorant about these issues which are so important to clinical
medicine. Fourth, we are increasingly facing diseases featuring debris
accumulation and yet we are just beginning to understand the innate
response to this type of altered self. Fifth, low-grade innate/inflammatory
immune responses in the retina, brain, and blood vessel walls occur over
decades, a pace that is not easy for an immunologist to study. Sixth,
inhibition of the AP and other innate immune recognition and effector/
signaling cascades will likely become a frontier in drug development. For
example, in AMD we need trials of the long-term downregulation of AP
activation. Seventh, polymorphic variations leading to what appear to be
modest changes in regulatory activity, like Y402H in AMD, may protect
against a streptococcal infection in childhood. However, it becomes dele-
terious in the setting of our aging population where chronic diseases
featuring debris deposition now cause much morbidity and mortality.

In conclusion, a role for innate immunity, particularly the AP of com-
plement is nowestablished in thepathogenesis of aHUSandAMD.Further
challenges include development of effective therapeutic strategies for both
conditions and to investigate the role of AP in other chronic conditions
where ‘‘debris accumulation’’ is a key feature of the pathogenesis.
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immune system and the development of autoimmune disease.

Uptake of ICs by FcRs on DCs and the concommitant triggering of

activating and inhibitory signaling pathways will determine the

strength of the initiated T-cell response. Loss of this balanced

signaling results in uncontrolled responses that can lead to the

damage of healthy tissues and ultimately to the initiation of auto-

immune processes. In this chapter, we will discuss how coexpres-

sion of different activating and inhibitory receptors on different

immune cells of the innate and adaptive immune system modulates

cell activity. Moreover, we will focus on exogenous factors that can

influence the balanced triggering of activating and inhibitory FcRs,

such as the cytokine milieu and the role of differential antibody

glycosylation.
1. INTRODUCTION

Autoimmune, infectious, and malignant diseases affect millions of people
worldwide. Antibodies together with T cells and innate immune effector
cells are crucial to defend the body from such threats, and a complex array
of interactions between these different immune system players is neces-
sary to ensure the success of an immune response. Cellular receptors for
the different immunoglobulin isotypes (IgA, IgE, IgM, and IgG), so-called
Fc-receptors (FcRs), are involved in regulating and executing antibody-
mediated responses (Ravetch, 2003). By doing so, they link the specificity
of the adaptive immune system to the powerful effector functions
triggered by innate immune cells such as mast cells, neutrophils, mono-
cytes, and macrophages. It is of utmost importance, however, that these
proinflammatory reactions are tightly regulated to prevent destruction of
healthy tissues. If this regulation fails, overwhelming responses and in the
worst case chronic autoimmune diseases might be initiated (Dijstelbloem
et al., 2001). There is convincing evidence that imbalanced immune
responses are responsible for autoimmune diseases such as arthritis,
multiple sclerosis, and systemic lupus erythematosus (SLE). It is widely
accepted that many factors, including genetic and environmental compo-
nents, are involved in the initiation and severity of autoimmune symp-
toms. Thus, identification of these components might be helpful to gain
further insight into these diseases and to develop novel immunotherapeu-
tic strategies to interfere with chronic inflammation. In the opposite
scenario, as for example in immunotherapy of cancer or viral infections,
this knowledge might be useful to enhance proinflammatory responses to
clear pathogen-infected or malignant cells. This chapter will focus on the
role of cellular FcRs for immunoglobulin G (IgG), the Fcg-receptors
(FcgR), in these different processes, including the maintenance of
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humoral tolerance and the regulation of adaptive and innate immune
responses.

Moreover, we will include an overview of exogenous factors, such as
pro- and antiinflammatory cytokines and differential antibody glycosyla-
tion that impact the resulting cellular response by changing the
expression level or interaction with FcRs. There are several excellent
reviews dealing with the important roles of FcRs for other antibody
isotypes, such as FcaRs and FcERs, which will not be covered in this
chapter (Kraft and Novak, 2006; Wines and Hogarth, 2006; Woof and
Kerr, 2006). Ultimately, we will briefly discuss how this information
might be used for novel therapeutic approaches.
2. THE FAMILY OF ACTIVATING AND INHIBITORY FCRS

FcRs are widely expressed on cells of the immune system and select other
cell types, such as endothelial cells, mesangial cells, and osteoclasts; one of
the few hematopoietic cell types that do not show notable FcR expression
are T cells (Daeron, 1997; Hulett and Hogarth, 1994; Ravetch, 2003). Four
different classes of FcRs have been identified in rodents, which are called
FcgRI, FcgRIIB, FcgRIII, and FcgRIV (Nimmerjahn and Ravetch, 2006;
Nimmerjahn et al., 2005). FcgRs are well conserved between different
mammals and orthologous proteins to these rodent receptors were found
in most species. The corresponding human proteins are called FcgRIA,
FcgRIIB (CD32B), FcgRIIA (CD32A), FcgRIIC, FcgRIIIA (CD16), and
FcgRIIIB. Although the extracellular portion of FcgRIIA is highly homolo-
gous tomouse FcgRIII, the intracellular portion differs significantly. Other
human FcR genes such as FcgRIB and FcgRIC do not code for functional
proteins due to disrupted open reading frames. In addition, FcgRIIIB, a
GPI-anchored FcR selectively expressed on neutrophils, is not found in
mice. Structurally, FcRs aswell as their ligands, the family of IgGmolecules
consisting of fourmembers inmice (IgG1, IgGa, IgG2b, IgG3) and humans
(IgG1–IgG4), belong to the large immunoglobulin superfamily. Whereas
the majority of FcRs have two extracellular domains, FcgRI has an addi-
tional third domain which has been suggested to be important for the
higher affinity of this receptor for IgG (Allen and Seed, 1989). Resolution
of the crystal structure of human FcgRIIIA bound to IgG1 was crucial in
defining the precise FcR–IgG interaction sites (Radaev et al., 2001;
Sondermann et al., 2000). Thus, only one of the two extracellular domains
makes contact with the CH2-domain of the antibody Fc-portion (Radaev
and Sun, 2002). This interaction site is different from other IgG-binding
proteins such as protein A/G, mannose-binding lectin (MBL), or the neo-
natal Fc-receptor (FcRn) (Jefferis and Lund, 2002). Moreover, this struc-
tural data in combination with results obtained from other methods
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suggests a 1:1 model of antibody–FcR interaction (Kato et al., 2000; Zhang
et al., 2000). On a functional level, FcRs can be divided by two different
ways: first, based on the affinity for their ligand and second, based on the
type of signaling pathway that is initiated on FcR cross-linking. Themajor-
ity of FcRs including FcgRIIB, FcgRIII, and FcgRIV as well as their
corresponding human counterparts FcgRIIA/B/C and FcgRIIIA/B have
a low affinity for the IgG Fc-portion in themicromolar range (Dijstelbloem
et al., 2001; Nimmerjahn and Ravetch, 2006; Nimmerjahn et al., 2005). Only
FcgRI displays a higher affinity (108–109M�1) enabling significant binding
to monomeric antibodies. All other FcRs selectively interact with antibo-
dies in the form of immune complexes (ICs), which usually consist of
multiple antibodies bound to their target antigen.

FcRs differ in regard to the signaling pathways they initiate. Thus,
there is one inhibitory receptor, FcgRIIB; all other FcRs with the exeption
of human FcgRIIIB, which has no signaling function, trigger activating
signaling pathways (Ravetch, 2003). On the genomic level the FcR genes
are clustered in proximity with the novel family of FcR-like genes on
chromosome 1 in mice, chimpanzees, and humans (Fig. 5.1). While the
gene organization is highly conserved, FcR genes of other species such as
rats, dogs, pigs, cows, and cats are localized on different chromosomes
(Nimmerjahn and Ravetch, 2006). With the increasing availability of
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genome sequence information, it is becoming clear that primates and
humans have the greatest variety of FcR genes, most likely due to recent
gene duplication and diversification processes, although some of the
genes do not code for functional proteins (Qiu et al., 1990). Despite this
higher complexity the underlying mechanisms and functions of these
proteins defined in rodent animal models have been largely recapitulated
by results obtained in humans supporting the value of these model
systems. For the preclinical evaluation of novel antibody-based therapeu-
tics, the development of novel humanized mouse models, such as mice
transgenic for multiple human FcRs, will be of great value.
3. ACTIVATING AND INHIBITORY FCR
SIGNALING PATHWAYS

Onewidely applicable rule with respect to the cellular expression pattern is
that activating and inhibitory FcRs are coexpressed on the same cell
(Ravetch, 2003). Thus, IC binding to cells will trigger both activating and
inhibitory signalingpathways, thereby setting a threshold for cell activation,
which will determine the magnitude of the ensuing response (Fig. 5.2). On
innate immune effector cells such as mast cells, neutrophils, and macro-
phages, these dual signals regulate a variety of downstream responses such
as cell degranulation, phagocytosis, antibody-dependent cellular cytotoxic-
ity (ADCC), and antigen presentation (Ravetch, 2003). On B cells that do not
express activating FcRs, FcgRIIB regulates activating signaling pathways
initiated by the B-cell receptor (BCR) (Bolland and Ravetch, 1999; Ravetch
and Lanier, 2000). In addition to the inhibitory FcgRIIB, B cells express
several of the recently discovered FcR-like proteins (Davis et al., 2004, 2005;
Ehrhardt et al., 2003, 2005; Facchetti et al., 2002). As efforts to demonstrate
binding to immunoglobulins have not been successful to date, FcgRIIB
remains the only molecule with Fc-fragment binding capacity that will be
triggered if B cells bind to antigen presented in the form of ICs.

Another difference between activating and inhibitory FcRs is that in
contrast to the single-chain inhibitory FcR that contains an immunorecep-
tor tyrosine-based inhibitory motif (ITIM) in its cytosolic domain, activat-
ing FcRs with the exception of human FcgRIIA/C cannot signal
autonomously (Hulett and Hogarth, 1994). They have to associate with
additional signaling adaptor molecules that might differ depending on
the cell type. In NK cells, for example, the z-chain serves as an adaptor
molecule, whereas the so-called FcR common g-chain associates with
activating receptors in the majority of other cell types (Fig. 5.2). In mast
cells yet another adaptor molecule called the b-chain was found to be
associated with FcgRIII and FcERI (Kinet, 1999). All of these adaptors
contain immunoreceptor tyrosine-based activation motifs (ITAM) in their



Cell activation/proliferation
Release of inflammatory mediators

Oxidative burst
Phagocytosis

Antigen presentation
ADCC

PI3K

Syk
P
P

Ca2+

ER

Ca2+

PLCγBtk

Activating
Fc-γ R

IT
A

M

IT
A

M

Lyn/Lck PKC

IP3
DAG

SOS

Ras Rac

SHIP

P

PI(3,4,5)P3

IT
IM

Shc Dok

IFN-γ
LPS
TNF-α
C5a

TGF-β
IL4

Inhibitory
Fc-γ RIIB

FIGURE 5.2 Coregulation of activating and inhibitory FcR signaling. IC binding to innate

immune effector cells, such as monocytes, granulocytes, and macrophages, simulta-

neously triggers activating and inhibitory signaling pathways. Upon receptor cross-

linking, Lyn phosphorylates both ITAM and ITIM in the cytoplasmic domain of the FcR

common g-chain and FcgRIIB, thereby initiating both signaling pathways. Red lines

indicate points where inhibitory signaling pathways interfere with their activating

counterparts. Moreover, factors that change the balanced expression of activating and

inhibitory FcRs are shown at the top. See text for further details.

184 Falk Nimmerjahn and Jeffrey V. Ravetch
cytosolic portion that become tyrosine-phosphorylated bymembers of the
Src family of kinases thatmay be associatedwith the receptor in an inactive
form on FcR cross-linking. Phosphorylation of the ITAMsequences creates
SH2 sites for docking and activation of Syk kinases. Importantly, low-
affinity ligands result in nonproductive signaling complexes that fail to
couple to downstream events and might even behave as antagonists
(Torigoe et al., 1998). Depending on the cell type and individual FcR, the
involved Src kinase family members might vary. For example, Lyn is
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associated with the FcERI pathway inmast cells, whereas Lck is associated
with FcgRIIIA in NK cells. In macrophages both of these kinases as well as
Hck are associated with FcgRI and FcgRIIA (Takai, 2002). Following the
phosphorylation of the ITAM motif the recruitment and activation of Syk
kinases ensues that leads to the recruitment of a variety of intracellular
substrates, including PI3K, Btk and other Tec family kinases, phospholi-
pase C-g (PLCg), and adaptor proteins such as SLP-76 and BLNK (Fig. 5.2)
(Takai, 2002). Moreover, the Ras/Raf/MAP kinase pathway is activated
through Sos bound to Grb2 that is recruited on phosphorylation of Shc.
Another crucial step is the activation of PI3K by Syk, which results in the
generation of phosphatidyl-inositol-3-phosphates. This leads to the
recruitment of Btk and PLCg that recognize PIP3 with their pleckstrin
homology (PH) domains leading to the production of inositol triphosphate
(IP3) and diacylglycerol (DAG), which are crucial for the mobilization of
intracellular calcium and activation of protein kinase C (PKC).

The role of the inhibitory receptor signaling is to dampen these activat-
ing pathways by interfering with the generation of key intermediates such
as PIP3 (Fig. 5.2). This is initiated by phosphorylation of the ITIM motif in
the cytosolic portion of FcgRIIB by Lyn that leads to the recruitment and
activation of the SH2-domain containing inositol 50 phosphatase (SHIP)
(Takai, 2002). The key function of activated SHIP is to hydrolyze phospha-
tidyl inositol intermediates, such as PIP3, and thereby to interfere with the
membrane recruitment of Btk and PLCg, thus dampening ITAM signaling-
mediated calcium release and downstream effector functions such as
ADCC, phagocytosis, cytokine secretion, and release of inflammatory
mediators. The Ras pathway is also inhibited by recruitment of Shc and
DOK to tyrosine-phosphorylated SHIP, which inhibits cell proliferation.

On B cells, another ITIM- and SHIP-independent signaling pathway
that leads to apoptosis via an Abl-family kinase-dependent pathway has
been described for selective cross-linking of FcgRIIB without concomitant
triggering of the BCR (Pearse et al., 1999; Tzeng et al., 2005). This situation
might arise during the germinal center reaction when somatic hypermu-
tation generates BCRs that lose specificity for their cognate antigen pre-
sented on follicular dendritic cells (FDCs). The importance of this
pathway for the maintenance of humoral tolerance and plasma cell
homeostasis will be discussed in greater detail later.
4. THE ROLE OF ACTIVATING AND INHIBITORY FCRS ON
INNATE IMMUNE EFFECTOR CELLS

As indicated before, virtually all innate immune effector cells with the
exception of NK cells coexpress activating and inhibitory FcRs (Fig. 5.2).
Thus, the magnitude of any response following IC binding is determined
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by the level of activating versus inhibitory signaling events. Besides FcgRs,
several of these cell types such as basophils, mast cells, and monocytes
express FcRs for other immunoglobulin isotypes including FcaRs, FcmRs,
and FcERs, which are also negatively regulated by the inhibitory FcgRIIB.
Gene deletion studies were of great importance to gain insight into the role
of FcgRs for antibody-mediated effector functions triggered by innate
immune cells. Some examples for responses triggered by IC binding to
these cell types include phagocytosis, release of inflammatory mediators,
and ADCC (Ravetch, 2003).

In rodents, cell surface expression and signaling capacity of all activat-
ing FcgRs (FcgRI, FcgRIII, and FcgRIV) is dependent on the g-chain. There-
fore, genetic deletion of this subunit leads to the loss of cell surface
expression and functional inactivation of all activating FcRs. Not surpris-
ingly, g-chain knockout animals had dramatically impaired antibody-
mediated effector cell responses (Clynes and Ravetch, 1995; Clynes et al.,
1998; Hamaguchi et al., 2006; Nimmerjahn and Ravetch, 2005; Park
et al., 1998; Sylvestre and Ravetch, 1994; Takai et al., 1994; Uchida et al.,
2004; Zhang et al., 2004). In contrast, studies using mice deficient in a
variety of complement proteins such as CR2, C3, C4, or mannose-binding
lectin (MBL) failed todemonstratemajordefects in these efferent responses
(Azeredo da Silveira et al., 2002; Hamaguchi et al., 2006; Nimmerjahn and
Ravetch, 2005;Nimmerjahn et al., 2007; Ravetch andClynes, 1998; Sylvestre
et al., 1996; Uchida et al., 2004). As will be discussed later, the proin-
flammatory activity of activated complement components such as C5a,
however, does play an important role by upregulating activating FcRs.

As discussed before the majority of innate immune effector cells
expressmore than one activating FcR. For example,monocytes andmacro-
phages express all activating FcgRs, followed by neutrophils that predom-
inantly express FcgRIII and IV. Therefore, ICs could bind to several
activating FcRs and the triggered response might be mediated by all of
these receptors. It is important to keep in mind, however, that the individ-
ual activating FcRs have a differential affinity for different antibody iso-
types (Nimmerjahn and Ravetch, 2005; Nimmerjahn et al., 2005). FcgRIII,
for example, can bind to IgG1, IgG2a, and IgG2b subclasses in vitro; FcgRIV
shows amore restricted specificity for IgG2a and IgG2b (Hirano et al., 2007;
Nimmerjahn et al., 2005). Importantly, the affinity of FcgRIV for these
subclasses is more than one order of magnitude higher than for FcgRIII,
which suggests that FcgRIVmight be the dominant activating receptor for
IgG2a and IgG2b in vivo. In addition, this also predicts that the FcgRIIB-
imposed negative regulation of these IgG subclasses might be less than for
IgG1, for example. Indeed, these predictions could be validated in a
variety of in vivo model systems including passive models of antibody-
mediated platelet and B-cell depletion, tumor cell destruction, and in
more complex active autoimmune models such as glomerulonephritis
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(Hamaguchi et al., 2006; Kaneko et al., 2006b; Nimmerjahn and Ravetch,
2005;Nimmerjahn et al., 2005). Low-affinity binding of certain IgE alleles to
FcgRIV has been described and it was suggested that allergic responses
triggered by IgE might be at least partially dependent on IgE binding to
FcgRIV on monocytes (Hirano et al., 2007).

For IgG1, the situation is more straightforward as neither FcgRIV nor
FcgRI binds to this antibody subclass (Nimmerjahn and Ravetch, 2006).
Thus, FcgRIII deletion abrogated IgG1-mediated effector functions in vivo
in mousemodels of arthritis, glomerulonephritis, IgG-dependent anaphy-
laxis, IgG-mediated hemolytic anemia, and immunothrombocytopenia
(ITP) (Bruhns et al., 2003; Fossati-Jimack et al., 2000; Fujii et al., 2003;
Hazenbos et al., 1996; Ji et al., 2002; Meyer et al., 1998; Nimmerjahn and
Ravetch, 2005). Despite the capacity of the high-affinity FcgRI to bind to
IgG2a, the contribution of this FcR for mediating antibody activity in
many of the aforementioned model systems was negligible, which
might be due to the saturation of this receptor with monomeric IgG2a
serum antibodies in the steady state. Depending on the model system and
cytokine environment, FcgRI might participate and enhance antibody-
mediated inflammation on de novo upregulation or in the presence of
high amounts of ICs in peripheral tissues (Barnes et al., 2002; Bevaart
et al., 2006; Ioan-Facsinay et al., 2002). In humans, the same principles
may apply as human FcgRIIIA has a higher affinity for IgG1 compared to
FcgRIIA. In addition, the presence of allelic variants with different affi-
nities for selective antibody isotypes further supports this concept
(Dijstelbloem et al., 2001). This is validated by clinical studies with lym-
phoma patients that were treated with a B cell depleting CD20-specific
antibody (Rituximab), as patients with the high-affinity FcgRIIA and
FcgRIIIA alleles for this antibody had better clinical responses (Cartron
et al., 2002; Weng and Levy, 2003; Weng et al., 2004).

Considering these powerful and potentially dangerous effector
responses, regulatory mechanisms must be in place to prevent nonspe-
cific activation. As indicated before this function is mediated by the
inhibitory FcgRIIB on innate immune cells (Ravetch and Lanier, 2000).
This becomes apparent in animals deficient in FcgRIIB, which have
enhanced IC-mediated inflammation and phagocytosis as demonstrated
by a stronger Arthus reaction, systemic IgG and IgE-induced anaphylaxis,
collagen-induced arthritis (CIA), anti-GBM glomerulonephritis, ITP,
hemolytic anemia, and IgG-mediated clearance of pathogens and tumor
cells (Clynes et al., 1999, 2000; Nakamura et al., 2000; Nandakumar et al.,
2003; Nimmerjahn and Ravetch, 2005; Takai et al., 1996). As FcgRIIB also
regulates autoantibody production in B cells, in some of these models
both increased autoantibody production due to FcgRIIB deficiency on
B cells and heightened effector cell responses are likely to contribute to
the observed phenotype, which will be discussed later. Due to the
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differential affinity of various IgG subclasses for activating FcRs, the level
of negative regulation by the inhibitory FcR differs. IgG1 is most strictly
regulated due to the lower affinity of FcgRIII compared to FcgRIIB. In
contrast, IgG2a and IgG2b are less regulated as FcgRIV has a much higher
affinity for these subclasses than FcgRIIB (Nimmerjahn and Ravetch,
2005). The ratio of the affinities of different antibody subclasses for their
specific activating and the inhibitory FcR has been termed A/I ratio and is
a good predictor of antibody activity in vivo (Nimmerjahn and Ravetch,
2005, 2007a).
5. MODULATION OF ANTIBODY ACTIVITY

There are several factors that can influence balanced signaling by activat-
ing and inhibitory FcR pairs by changing either their relative expression
level or the ligand affinity for the receptor. Activating FcR expression on
innate immune cells can be strongly increased by proinflammatory sti-
muli (LPS), TH-1 cytokines (IFN-g), and the complement component C5a
(Guyre et al., 1983; Nimmerjahn and Ravetch, 2006; Shushakova et al.,
2002); in contrast TH-2 cytokines such as IL-4, IL-10, or TGF-b down-
regulate activating FcR expression and increase the level of FcgRIIB
(Fig. 5.2) (Nimmerjahn et al., 2005; Okayama et al., 2000; Pricop et al.,
2001; Radeke et al., 2002; Tridandapani et al., 2003). These effects can be
cell type specific as IL-4, for example, while upregulating FcgRIIB expres-
sion on myeloid cells, downregulates FcgRIIB expression on activated
B cells (Rudge et al., 2002). Regarding the mechanism of C5a generation
it has been suggested that an FcR dependent and complement indepen-
dent pathway leads to the generation of this strong proinflammatory
mediator (Kumar et al., 2006; Shushakova et al., 2002; Skokowa et al., 2005).

Another factor that can greatly influence antibody binding to FcRs and
therefore antibody activity is the sugar moiety attached to all IgG sub-
classes at the asparagine residue 297 (N297) in the CH2 region of the
antibody constant region (Arnold et al., 2007). Genetic or biochemical
deletion of this sugar side chain abrogates FcR binding but does not affect
the interaction with other proteins such as the FcRn (Arnold et al., 2007;
Shields et al., 2001). It consists of a branched heptameric core sugar
structure consisting of N-acetylglucosamine (GlcNac) and mannose. In
addition, this core sugar structure contains variable amounts of branching
and terminal sugar residues such as sialic acid, galactose, fucose, and
GlcNac. Indeed, in normal human serum more than 30 different IgG
glycovariants were identified (Arnold et al., 2006). Considering that at
least some of these variants have a differential activity this introduces a
high level of complexity. An even greater variety is introduced by the fact
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that the sugar moieties of the two antibody Fc-fragments might differ
with respect to their exact composition (Arnold et al., 2007). Depending on
the variable region sequence of the antibody a significant percentage of
Fab-associated N-linked sugar side chains can be found. In contrast to the
Fc-portion, these sugar moieties are generally fully processed with high
levels of terminal sialic acid and galactose residues. Antibody–FcR inter-
actions can be significantly influenced by the presence or absence of these
terminal or branching sugar residues. Antibodies without fucose, for
example, bind with up to 50-fold higher affinity to mouse activating
FcgRIV and human FcgRIIIA (Nimmerjahn and Ravetch, 2005; Shields
et al., 2002; Shinkawa et al., 2003). Interestingly, only FcgRIIIA and not
FcgRIIA or FcgRIIB binding is influenced by the presence or absence of
fucose. It was suggested that the sugar moiety attached to the ASN-162
residue in FcgRIIIA might be responsible for interacting with the branch-
ing fucose residues, as an aglycosylated FcR was unable to detect these
differences (Ferrara et al., 2006). This finding might have significant
implications for the optimization of antibody activity in the therapy of
human infectious or malignant disease, and efforts are under way to test
these antibody glycovariants in human clinical trials.

Tipping the scale in the opposite direction, high levels of terminal
sialic acid residues significantly impair antibody binding to mouse and
human FcRs (Kaneko et al., 2006a; Scallon et al., 2007). Interestingly, it is
well known that the addition of terminal sugar residues can differ depend-
ing on the activation status of the immune system. Autoimmune-prone
mouse strains such as MRL/lpr, for example, or human arthritis patients
have antibodies with reduced amounts of terminal sialic acid and galac-
tose residues during acute phases of the disease (Bond et al., 1990;
Malhotra et al., 1995; Mizuochi et al., 1990). Similarly, in models of accel-
erated nephrotoxic nephritis and arthritis murine serum IgG antibodies
had reduced amounts of sialic acid (Kaneko et al., 2006a; Nimmerjahn
et al., 2007). Based on in vitro studies, it was initially suggested that
antibodies devoid of terminal sialic acid and galactose might be able to
activate the lectin pathway of complement activation by means of de novo
MBL binding to the exposed mannose rich core sugar structure (Arnold
et al., 2007; Malhotra et al., 1995). However, more recent in vivo studies
with mice deficient in MBL argue against this scenario. By using murine
autoimmune model systems, such as ITP or arthritis, it was demonstrated
that autoantibodies without galactose were not functionally impaired in
mice deficient in both MBL subunits (Nimmerjahn et al., 2007). The
activity of these antibody glycovariants was abrogated, however, in
mouse strains deficient in all activating FcRs, favoring a model in which
FcRs and not the complement pathway are responsible for the pathogenic-
ity of agalactosyl antibodies in vivo. Taken together, it seems that sialic acid
and not galactose is an important regulator of antibody activity in vivo.
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Importantly, this is not simply achieved by reduced binding of sialic acid
rich antibodies to cellular FcRs, but by actively promoting an anti-
inflammatory environment. Supporting this model, it was shown that
the anti-inflammatory activity of high doses of intravenously adminis-
tered immunoglobulin G (IVIG) therapy can be potentiated by enriching
these IgG preparation for the sialic acid rich fraction (Kaneko et al., 2006a;
Nimmerjahn and Ravetch, 2007b). IVIG therapy is an effective treatment
for a variety of human autoimmune diseases including SLE, arthritis,
multiple sclerosis, and ITP (Bayary et al., 2006). Emphasizing the impor-
tant role of the inhibitory FcgRIIB in setting a threshold for innate immune
effector cell activation, IVIG therapy is critically dependent on the pres-
ence of this negative regulator. FcgRIIB deficient animals are no longer
protected by IVIG treatment in models of ITP, arthritis, and nephrotoxic
nephritis (Bruhns et al., 2003; Kaneko et al., 2006a,b). However, this effect
on FcgRIIB is not a direct one. Sialylated IgG upregulates FcRIIB expres-
sion on effector macrophages but only in response to another macrophage
population, the regulatory macrophage, that is necessary for the anti-
inflammatory activity of sialylated IgG. Therefore, despite the proposal
of several mechanisms for IVIG activity in humans, it seems likely
that here also FcgRIIB will turn out to be the crucial mediator of its
anti-inflammatory action.
6. ACTIVATING AND INHIBITORY FCR EXPRESSION ON DCS

DCs are the key cell type for the initiation of cellular and humoral
adaptive immune responses (Steinman and Hemmi, 2006). This is
achieved by their extraordinary capacity to sample the body for invading
pathogens, to phagocytose them, and to present antigenic peptides in the
context of major histocompatibility (MHC) molecules to T cells. Besides
this well-established function, DCs can also tolerize T cells, depending on
the state of maturation of the DC (Steinman et al., 2003). If T cells recognize
antigenic peptides on activated DCs, T-cell activation and expansion
follows, whereas if peptides are presented on resting DCs, T cells become
inactivated or turn into regulatory T cells (Hawiger et al., 2001, 2004;
Kretschmer et al., 2005; Yamazaki et al., 2006). Thus, DCs are actively
involved in the maintenance of peripheral T-cell tolerance during the
steady state. The family of FcR proteins has a dual function on DCs: first,
theywill bind to ICs, which are the predominant form of an antigen during
an immune response, thereby facilitating their phagocytosis and proces-
sing for presentation of antigenic peptides on MHC molecules; impor-
tantly, FcR-mediated uptake of ICs leads to the presentation of antigenic
peptides in the context of MHC class I and MHC class II molecules thus
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priming CD4 as well as CD8 T-cell responses (Dhodapkar et al., 2002; Groh
et al., 2005; Kalergis and Ravetch, 2002; Rafiq et al., 2002; Regnault et al.,
1999). Second, ICs trigger activating and inhibitory signaling pathways
that, depending on the individual strength of these opposing signals, will
determine whether DCs become activated or remain in a resting state.
More recent evidence suggests that DCs are also important for the B-cell
response. The capacity of DCs to retain antigens for prolonged times in an
intact formmight allow antigen transport from the periphery to lymphoid
organs and presentation to B cells. Consistent with this it was shown
that ICs taken up via FcgRIIB are degraded inefficiently and are recycled
to the cell–cell surface where they can interact with B cells (Bergtold
et al., 2005).

Themost important functionof FcgRIIBonDCs is to control IC-mediated
DCmaturation; supporting this notion, DCs derived fromFcgRIIB-deficient
mice showed an enhanced potential to generate antigen-specific T-cell
responses in vitro and in vivo (Kalergis and Ravetch, 2002). More impor-
tantly, FcgRIIB-deficientDCs orDCs incubatedwith amonoclonal antibody
that blocks IC binding to FcgRIIB showed spontaneous maturation,
evidenced by the upregulation of costimulatory molecules such as CD80,
CD86, and MHC class II (Boruchov et al., 2005; Dhodapkar et al., 2005).
This suggests that the inhibitory FcR does not only regulate DC activation
but is also actively involved in preventing spontaneous DC maturation
under noninflammatory steady-state conditions. Indeed, low levels of ICs
can be identified in the serum of healthy individuals, emphasizing the
importance of regulatorymechanisms thatpreventunwantedDCactivation
(Dhodapkar et al., 2005).

FcRs play a vital role in the in vivo mechanisms by which therapeutic
antibodies mediate their activity. In addition to these FcR-mediated
effector properties mediated by macrophages and NK cells, antibody
therapy of malignant and infectious diseases might be enhanced by
transient blockade of FcgRIIB activity onDCs as a novel strategy to enhance
antigen-specific immune responses during immunotherapy (Nimmerjahn
and Ravetch, 2007a). Considering the regulatory role of FcgRIIB in control-
ling DC activation it will be important to monitor if this systemic block of
FcgRIIB activity initiates unwanted autoimmune responses.Moreover, anti-
body variants with enhanced binding to activating FcRs might have
improved activities in vivo by circumventing the concomitant triggering
of FcgRIIB (Lazar et al., 2006; Shields et al., 2001). It is important
to consider, however, that mice and humans differ in expression of
specific FcRs on DCs. Therefore, the development of animals carrying the
human FcRs in place of their mouse counterparts will be important
preclinical tools for assessing the in vivo activity of blocking antibodies for
human FcRs.
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7. FCgRIIB AS A MASTER REGULATOR OF HUMORAL
TOLERANCE AND PLASMA CELL SURVIVAL

The BCR is generated by the random rearrangement of antibody genes in
the bone marrow. This also leads to the generation of autoreactive recep-
tors necessitating the presence of checkpoints such as receptor editing,
deletion, and anergy of self-reactive BCR species, which ensure that
autoreactive B cells are deleted or incapitated from the repertoire
(Fig. 5.3) (Goodnow et al., 2005; Grimaldi et al., 2005; Meffre et al., 2000).
This process, however, is incomplete and self-reactive cells can leave the
bone marrow. Interestingly, there are differences between mouse strains
in the efficiency of these checkpoints; Balb/c mice, for example, are more
efficient in receptor editing than C57BL/6 mice, making the latter strain
more permissive for the development of autoimmunity (Fukuyama et al.,
2005). In the periphery, autoreactive B cells can be generated de novo
during the process of somatic hypermutation in the germinal center
(Bona and Stevenson, 2004; Ray et al., 1996). In particular, an expanded
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FIGURE 5.3 Regulation of B-cell responses by the inhibitory FcgRIIB. Shown are regu-

latory mechanisms that are in place to prevent the expansion of self-reactive B cells.

During early B-cell development in the bone marrow, anergy, deletion, and receptor
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FcgRIIB triggering on plasma cells induces apoptosis, thereby regulating plasma cell

homeostasis.
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repertoire of class switched self-reactive antibodies can trigger a wide
variety of inflammatory effector functions (Dijstelbloem et al., 2001;
Ravetch and Bolland, 2001). As indicated before, FcgRIIB is the only FcR
on B cells. Together with other negative regulatory proteins such as CD22,
CD5, and CD72, it regulates activating signals triggered by the BCR
(Nitschke and Tsubata, 2004). The outstanding importance of the inhibi-
tory FcR in this family has been demonstrated by the generation of
the FcgRIIB knockout mouse that spontaneously develops an SLE-like
disease characterized by the production of autoantibodies and a shortened
lifee span (Bolland and Ravetch, 2000; Takai et al., 1996). This autoimmune
phenotype is strain dependent as only C57BL/6 but not Balb/c mice
develop spontaneous symptomatic disease, arguing for the involvement
of other epistatic modifiers (Bolland et al., 2002; Nguyen et al., 2002).
Indeed, studies showed that Balb/c mice double deficient in programmed
death 1 (PD-1) and FcgRIIB developed severe autoimmune hydronephro-
sis and that Balb/c-Fcgr2b�/� mice had enhanced disease phenotypes
in an inducible SLE model (Clynes et al., 2005; Okazaki et al., 2005). In
addition, a polymorphism in the FcgRIIB promoter has been identified
in autoimmune-prone mouse strains such as NZB, NOD, BXSB, andMRL,
which leads to a reduced expression level of FcgRIIB on activated and
germinal center B cells (Jiang et al., 1999, 2000; Pritchard et al., 2000; Xiu
et al., 2002). Similar associations between FcgRIIB and the development or
severity of autoimmune disease have been obtained in human autoim-
mune patients (Nimmerjahn, 2006). For instance, polymorphisms in the
human FcgRIIB promoter have been linked to the development of lupus
(Blank et al., 2005; Su et al., 2004a,b). A polymorphism that leads to
decreased binding of the transcription factor AP-1 resulted in reduced
surface expression of FcgRIIB on activated B cells of human SLE patients.
Similarly, in a group of African-American SLE patients, memory B cells
failed to upregulate FcgRIIB expression and this lower expression level
correlated with a reduced threshold for B-cell activation (Mackay et al.,
2006); this is consistent with another study describing that B cells from
lupus patients showed enhanced triggering of activating signaling path-
ways after BCR stimulation. Besides polymorphisms in the FcgRIIB pro-
moter, an allelic variant (I232T) of the inhibitory FcR that impairs its
association with lipid rafts and thereby excludes it from active signaling
complexes in the cell membrane has been associated with human SLE and
arthritis (Floto et al., 2005; Kono et al., 2005). This represents yet another
mechanism that aberrant FcgRIIB function could be involved in the initia-
tion of autoimmune phenotypes. Nonetheless, it is important to note that
there are disparities between different human populations and ethnicities,
suggesting that as described before for mice the genetic background
and other susceptibility factors are important for the development of
autoimmune disease (Nimmerjahn, 2006).
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Taken together, these results suggest that one therapeutic avenue
to restore tolerance in autoimmune conditions might be to restore func-
tional FcgRIIB expression on B cells, thereby regaining balanced immune
responses. The therapeutic potential of this approach was demonstrated
in a murine study using several autoimmune-prone mouse strains includ-
ing NZM, BXSB, and FcgRIIB knockout animals (McGaha et al., 2005).
After restoration of FcgRIIB expression by retroviral gene transfer, these
animals had strongly reduced levels of autoantibodies and did not
develop severe autoimmune symptoms. Importantly, this study high-
lights the threshold nature of autoimmunity as restoration of FcgRIIB
expression on 40% of peripheral B cells was sufficient to interfere with
the development of autoimmune disease. This clearly demonstrates that
despite the complex nature of autoimmune diseases, therapeutic effects
might be achievable by targeting a limited number of key regulatory
proteins.

As autoreactive B cells can be generated at different points during
central and peripheral B-cell development, it was important to define at
which stage(s) FcgRIIB is preventing the generation of autoreactive B cells
(Fig. 5.3). Results obtained in human autoimmune patients suggested that
FcgRIIB might be a checkpoint during late phases of B-cell development.
This has been validated in a mouse model containing an autoreactive
prearranged VDJ region knocked into the immunoglobulin locus. It was
shown that the absence of FcgRIIB did not impact early checkpoints in the
bone marrow or prevent the development of IgM positive autoreactive
B cells. FcgRIIB was crucial, however, to prevent the generation and
expansion of IgG positive plasma cells secreting autoreactive antibody
species (Fukuyama et al., 2005).

One other long-known outcome of isolated FcgRIIB triggering on
B cells has recently received new attention: the induction of apoptosis. It
has been suggested that this function is important to delete B cells that
generate low-affinity BCRs during somatic hypermutation and therefore
loose BCR interactions with their cognate antigen retained on FDCs
(Pearse et al., 1999; Ravetch and Bolland, 2001).

While the importance of this mechanism remains to be established
in vivo, there is evidence that these proapoptotic signals are important for
plasma cell homeostasis.

Plasma cells express FcgRIIB and only very low levels or no BCR. They
reside predominantly in niches in the bone marrow, where they have to
receive survival signals from stromal cells (Radbruch et al., 2006). It is
largely unclear how the limited amount of niches can accommodate new
antigen-specific plasma cells generated with every new immune response
when the body becomes challenged by various types of pathogens or after
consecutive vaccinations with different antigens. With the demonstration
that FcgRIIB cross-linking on plasma cells induces apoptosis, at least a
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partial solution for this problem might have been found (Ravetch and
Nussenzweig, 2007; Xiang et al., 2007). ICs generated during an immune
response could bind to plasma cells in the bone marrow and induce
apoptosis on a fraction of cells, thus making space for cells with novel
specificities (Fig. 5.3). Further supporting this model, secondary immuni-
zations with a new antigen result in reduced levels of bone marrow
plasma cells specific for the original antigen (Xiang et al., 2007). This
finding is also of great importance for the role of FcgRIIB as a tolerance
checkpoint, as plasma cells from autoimmune-prone mouse strains
were shown to have absent or strongly reduced expression of FcgRIIB
and are resistant to the induction of apoptosis. Restoring or overexpres-
sing the inhibitory receptor could correct this defect, suggesting that the
failure to control plasma cell persistence resulting from impaired
FcgRIIB expression levels might account for the large number of these
cells in autoimmune mouse strains, and ultimately be involved in the
development of chronic autoimmune disease (Holmes and Burnet, 1963;
Hoyer et al., 2004).

Taken together these studies emphasize the crucial role of FcgRIIB as a
tolerance checkpoint during late stages of B-cell development and that
correction of FcgRIIB expression levels might be a promising approach to
interfere with autoimmune processes and to restore a balanced immune
response, deletion of autoreactive IgG positive B cells, and ultimately
tolerance.
8. SUMMARY AND OUTLOOK

An immune response is the result of complex interactions between a
variety of innate and adaptive immune cells, and is tightly regulated at
each step to adopt the magnitude of the response to the level of danger
imposed by an infection with pathogenic microorganisms. Due to their
broad expression level, studying FcR biology has lead to invaluable
general insights into how immune responses are regulated and how
minor changes in this regulation affect their outcome. The threshold set
by paired expression of activating and inhibitory FcRs on innate and
adaptive immune cells is crucial for a balanced response and aberrant
expression of either component influences an immune response at several
stages. Reduced FcgRIIB expression, for example, will lead to the expan-
sion of IgG positive autoreactive B cells, a reduced amount of plasma cell
apoptosis, stronger innate effector responses, and a lower threshold for
DC activation, which in turn will influence the specificity and magnitude
of the cellular response. This highlights the central importance of this
negative regulator. Decreased levels of all activating FcRs will result in
impaired antibody-mediated proinflammatory reactions. Due to the
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differential affinity of activating FcRs to individual IgG subclasses, the
role of individual activating FcRs for each subclass will depend on the
actual affinity for each IgG subclasses and the additional negative regula-
tion by the inhibitory FcR. Moreover, the cytokine milieu will not only
change the relative expression levels of activating and inhibitory FcRs but
also influence the subclass of antibody that is generated, thus further
enhancing or dampening FcR-dependent effector functions (Nimmerjahn
and Ravetch, 2006). In addition, the changes in antibody glycosylation
during proinflammatory and steady-state situations impact FcR binding
and provide an environment that will determine which type of immune
response will be triggered.

The wealth of data available from human autoimmune patients and
from the corresponding mouse models clearly demonstrates that deregu-
lated immune responses due to aberrantly expressed or nonfunctional
FcR variants are greatly involved in the initiation and magnitude of these
autoimmune diseases. One of the future challenges will be to translate this
knowledge into novel therapeutic approaches, which will require the
use of novel model systems that reflect the human clinical situation in
more detail.
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André Nussenzweig, and
Michel C. Nussenzweig

Targeting of AID-Mediated Sequence
Diversification by cis-Acting
Determinants

Shu Yuan Yang and David G. Schatz

AID-Initiated Purposeful Mutations in
Immunoglobulin Genes

Myron F. Goodman, Matthew D. Scharff,
and Floyd E. Romesberg

Evolution of the Immunoglobulin
Heavy Chain Class Switch
Recombination Mechanism

Jayanta Chaudhuri, Uttiya Basu, Ali
Zarrin, Catherine Yan, Sonia Franco,
Thomas Perlot, Bao Vuong, Jing Wang,
Ryan T. Phan, Abhishek Datta,
John Manis, and Frederick W. Alt

Beyond SHM and CSR: AID and Related
Cytidine Deaminases in the Host
Response to Viral Infection

Brad R. Rosenberg and
F. Nina Papavasiliou

Role of AID in Tumorigenesis
Il-mi Okazaki, Ai Kotani, and
Tasuku Honjo



Contents of Recent Volumes 215
Pathophysiology of B-Cell Intrinsic
Immunoglobulin Class Switch
Recombination Deficiencies

Anne Durandy, Nadine Taubenheim,
Sophie Peron, and Alain Fischer

Index
Volume 95

Fate Decisions Regulating Bone Marrow
and Peripheral B Lymphocyte
Development

John G. Monroe and Kenneth Dorshkind

Tolerance and Autoimmunity:
Lessons at the Bedside of Primary
Immunodeficiencies
Magda Carneiro-Sampaio and Antonio
Coutinho

B-Cell Self-Tolerance in Humans
Hedda Wardemann and Michel
C. Nussenzweig

Manipulation of Regulatory T-Cell
Number and Function with CD28-
Specific Monoclonal Antibodies

Thomas Hünig

Osteoimmunology: A View from the Bone
Jean-Pierre David

Mast Cell Proteases
Gunnar Pejler, Magnus Åbrink,
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