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This comprehensive textbook provides the definitive
accountofeffective care for pediatricHIV patients. Drawing
on the massive and burgeoning published literature from
a wide range of sources, this volume summarizes a wealth
of information concerning the etiology of the disease and
the best clinical care for this vulnerable group. It distils
the very latest knowledge of virology, immunology, and
pathogenesis and uses this to illuminate and explain man-
agement recommendations. Recently, many new agents
for the treatment and prophylaxis of HIV infection and
the opportunistic infections that accompany HIV infection
have been developed, accompanied by many new ways of
monitoring HIV infection in children. These new therapies
and approaches to management are complicated, but the
long-term health of HIV-infected children depends on their
meticulously correct application. This textbook explains,
helps and guides the clinician through all these complexi-
ties to facilitate the best possible care for children with HIV
infection.

Dr Steven L. Zeichner received his undergraduate and grad-
uate degrees at the University of Chicago. He trained in
pediatrics and infectious diseases at the Children’s Hospi-
tal of Philadelphia. He studies the basic biology of HIV and
Kaposis, sarcoma-associated herpesvirus, and directs clin-
ical trials of new therapies for HIV-infected children. He is
based in Bethesda, Maryland, USA.

Dr Jennifer S. Read trained in pediatrics and pediatric infec-
tious diseases (University of Michigan, Johns Hopkins Uni-
versity), tropical medicine (London School of Hygiene and
Tropical Medicine), and epidemiology (Harvard University,
National Institutes of Health). Her primary research inter-
est is prevention of mother-to-child transmission of HIV,
both in the USA and globally. Among other awards, Dr.
Read received the Pediatric Infectious Diseases Society’s
Young Investigator Award in 2001. She is based in Bethesda,
Maryland, USA.
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Foreword

Catherine M. Wilfert, M.D.

Professor Emerita, Department of Pediatrics Duke University Medical Center,
and Scientific Director, Elizabeth Glaser Pediatric AIDS Foundation

More than two decades have passed since this devastating
infection was first identified. We have come from a time
when no diagnosis could be made and there was no treat-
ment, to an era when the development of multiple thera-
peutic agents and advances in prevention of HIV infec-
tion are commonplace in the developed world. Foremost
amongst these accomplishments is our ability to prevent
mother to child transmission of HIV infection. Seldom is
it possible to chronicle such advances in knowledge which
materially affect the lives of thousands of people on a daily
basis. All of this speaks to the commitment of scientists and
care providers and the rapid evolution of information and
technology. There is however, a pervasive recurrent theme
of needing to advocate for the health of children infected
and affected by HIV infection.

This textbook provides accessible information at a time
when the developed world has succeeded in dramatically
decreasing the number of children who acquire infection
from their mothers. The need for this information is greater
now than ever before. First, because the evolution of infor-
mation continues at a rapid rate. Second, because the
complexity of treatment requires expertise and access to
the most current information. Third, because the num-
bers of HIV-infected children have decreased in the USA
and the probability that a physician will have cumulative
experience with substantive numbers of these children has
diminished. It is important that pediatricians continue to
be sensitive to the possibility that a child is HIV infected
and be attuned to the specific medical needs and support
systems required.

There is an index to internet sources of information,
convenient summary tables, and eloquent discussions of
antiretroviral drugs conveniently separated from therapeu-
tic decision making. The material is readable, concise, and
thorough.
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Foreword

I would wish that this information was both access-
ible, in demand, and essential in the parts of the world
where thereis so much HIVinfection of adults and children.
One must reflect on the fact that as many infants are born
with HIV infection in sub-Saharan Africa every day as were
born in the USA in an entire year prior to the availability
of interventions to prevent mother-to-child transmission.
Progress is being made to bring these effective interven-

tions to the developing world. We would hope we can entice
a new generation of pediatricians, public health authori-
ties, and other providers to devote their lives to address-
ing the problem as effectively in the developing world as
has been done in the developed world. This textbook con-
tributes to the knowledge, and hopefully will provide addi-
tional incentive to take these advances to the entire world
of children.



Preface

Steven L. Zeichner and Jennifer S. Read

This Textbook of Pediatric HIV Care has evolved and
grown considerably from its much shorter predecessor, the
Handbook of Pediatric HIV Care, which was first published
in 1999. This definitive new textbook provides a compre-
hensive clinical reference to the current state of and recom-
mendations for pediatric HIV care. Fully referenced, com-
pletely updated and illustrated in depth, it is hoped this
will become the standard reference for clinicians and other
health-care professionals throughout the world. A much
shorter companion volume, summarizing essential clin-
ical information and guidelines, will also be produced
which will be more suited for the clinician’s pocket and
for use in the busy hospital setting.

While we have focused on the management of pediatric
HIV disease, we believe that effective management requires
a solid understanding of the basic and applied virology,
immunology, and pathophysiology of the disease, so that
the practitioner can thoughtfully and rationally apply the
management information supplied in the other chapters.
This textbook therefore gives in-depth coverage to the sci-
ence behind the disease and uses this standpoint to illumi-
nate and explain clinical management.

The HIV epidemic changes quickly. The authors of the
individual chapters have attempted to include a signifi-
cant amount of new information, including new basic sci-
ence findings, new information concerning the pathogen-
esis of the disease and the opportunistic infections that
affect children with HIV, descriptions of recently approved
drugs and recently developed drugs that may be close to
approval, both for HIV and for HIV-related opportunis-
tic infections, new information concerning the manage-
ment of children infected with HIV, and information con-
cerning the social welfare of children infected with HIV. In
some fields, so much new information has become avail-
able that we included entirely new chapters in the book.
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There are new chapters about the evolutionary biology of
antiretroviral drug resistance and the assessment and
management of antiretroviral drug resistance, the inter-
ruption of mother-to-infant HIV transmission, metabolic
complications of HIV infection and antiretroviral ther-
apy, therapeutic drug monitoring for HIV infection, and
the gynecology of the HIV-infected adolescent. Whilst
HIV vaccines are only in the earliest and experimen-
tal stages of clinical development, we felt it was more
worthwhile to focus on the basic science, virology,
immunology, pathogenesis, and natural history since
this fundamental information will help guide vaccine
developers to future success. We hope that we will be
able to include in a future edition chapters that out-
line the use of prophylactic and therapeutic vaccines

for HIV infection, as they become established in clinical
practice.

While the principal focus of the book is on the manage-
ment of HIV-infected children in the most effective ways
possible, ways that tragically may not lie within the finan-
cial or technical capabilities of the regions most devastat-
ingly affected by the HIV epidemic, we hope that the infor-
mation presented in this book may also prove helpful to
clinicians practicing in resource-poor countries, who may
be able to use the information presented in the book to
develop an approach to pediatric HIV disease management
suited to their local circumstances. Perhaps, as they read
the book, practitioners in resource rich countries can con-
sider the tremendous challenges their colleagues in other
parts of the world face every day.



Introduction

Steven L. Zeichner and Jennifer S. Read

Bethesda, MD, USA

Introduction

When we were in training to be pediatricians we diagnosed
and treated some of the first children infected with HIV seen
in our hospitals. We watched as most of them died quickly,
within the first year or two of life, and we saw many of their
parents die too. Over the following few years we witnessed
the wards of our hospitals fill with children infected with
HIV, at least in part because the growing epidemic was not
viewed as a serious threat to the population as a whole,
a threat that needed to be confronted with the determina-
tion and the resources appropriate to the magnitude of that
threat.

As the epidemic expanded we initially had few effective
therapies, either for HIV infection itself or for the oppor-
tunistic infections that complicate the disease. The numb-
ing morbidity and mortality of HIV infection in children
grew; we continued to see our patients and their parents
die. Slowly, we saw more effective treatments for oppor-
tunistic infections and for HIV infection itself come into
use. We saw the development of serological tests to diag-
nose HIV infection, of the first antiretroviral agents and
agents for the prevention and treatment of opportunistic
infections, of more effective antiretroviral agents, of meth-
ods to employ antiviral agents in effective combinations
that can drive the viral load to low levels, of assays to deter-
mine viral load and methods to use the viral load assays
to measure the effectiveness of antiretroviral therapy, of
methods to assess whether a patient’s virus is resistant to
antiretroviral agents and approaches to select optimum
combinations of antiretroviral agents, and of therapeutic

approaches that dramatically decrease the likelihood that
an infected mother will transmit HIV to her newborn.

Now, at least here in the USA and in other rich nations,
effective approaches to treat HIV disease and its complica-
tions, and to prevent transmission, are in widespread use.
Many of our patients are well, our wards are empty, and
we have many fewer new patients. We have seen what hap-
pens when HIV disease in children is not treated, and we
have seen the dramatic benefits that effective therapy for
HIV disease can provide. We organized this book in the
hope that a clear presentation of the management strate-
giesavailable for HIV disease and its complications will help
healthcare providers offer the most effective management
strategies possible to their patients and that a clear presen-
tation of the pathophysiology of HIV disease in children
willhelp providers thoughtfully employ those management
strategies.

The first edition of the Handbook of Pediatric HIV Care
was intended mainly as a ready reference for practi-
tioners who were working together with specialists to
care for children with HIV infection. However, both non-
specialists and specialists in the care of children with HIV
infection seemed to find the book helpful. We hope that this
textbook will continue to provide the information that will
help non-specialists collaborate with specialists in caring
for children with HIV infection, to help educate students,
trainees, and others who are new to the pediatric HIV field,
and satisfy the needs of specialists who may find the book
useful as a ready reference.

The World Health Organization estimates that during
2003 close to one million children were infected with HIV
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and more than half a million died. These numbers will
almost certainly continue to increase. The knowledge and
technology now exist to prevent most of those infections
and to keep many of the children who are infected alive
and healthy for a long time, but the necessary financial,

societal, and political resources have not been dedicated
toward those goals, so children will continue to be infected
and children will continue to die. We hope that at some not
too distant time we will not need to edit a revised edition
of this book.
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Normal development and physiology of the immune system

Sherilyn Smith, M.D. and Ann ). Melvin, M.D., M.PH.

Department of Pediatrics, University of Washington, Division of Pediatric Infectious Disease,
Children’s Hospital and Medical Center, Seattle, WA

1.1 Overview

Clinicians involved in the care of children with HIV infec-
tion are faced with the dual challenge of understanding
the effect of HIV on the immune system and applying
this knowledge to patients who, even under normal cir-
cumstances, have an immature and changing immune
response. Understanding the function of the immune sys-
tem and the developmental differences in the immune sys-
tem of children compared with adults will facilitate and
improve patient care. This knowledge will aid in effectively
interpretinglaboratoryresults, help define disease risk, and
improve the understanding of the manifestations and out-
come of HIV infection in children. This chapter provides
a framework for understanding the unique features of the
developing pediatricimmune system and how it may affect
the course of HIV infection in children.

The functions of the vertebrate immune system include
discrimination between self and foreign antigens, the
development of a memory response to antigens, recogni-
tion of neoplasms and the elimination of pathogens that
invade the host. The immune system can be divided into
two separate components based on the rapidity and speci-
ficity of the response. The “innate arm” of the immune sys-
tem provides a rapid, non-specific response to pathogens
and provides the first line of defense against invading
microbes. It also acts as a surveillance system and facil-
itates the initiation of the antigen-specific phase of the
immune system. The major components of innate immu-
nity include barriers (both epithelial and mucosal), com-
plement and other opsonins, the spleen, phagocytes (both
of macrophage and neutrophil origins), and NK (natural
killer) cells.

The antigen-specific phase of immunity is directed at
specific antigens or components of the invading microbe
and is a sustained, amplifiable response. The aspects of
this inducible portion of the immune system are the cel-
lular and humoral immune response. The interaction of
these two components serves to control infection and form
long-term immunity against the same or similar organisms.
Intact innate and antigen-specific immunity are necessary
for full protection from pathogenic microbes and the estab-
lishment of long-term immunity induced by vaccinations.
Table 1.1 summarizes the major functions of the innate
and antigen-specific portions of the immune system and
the types of infections that can result from dysfunction of
its components.

1.2 Components and function of the
immune system

1.2.1 Innate immune system

Barriers

The first line of defense against invading microbes is an
intact barrier at both mucosal and epithelial surfaces. The
skin, respiratory, gastrointestinal, and urogenital mucosa
are the main components of this portion of the immune
system. They exclude potential pathogens by forming a
relatively impenetrable barrier between the environment
and the host. Specialized cells (including ciliated respir-
atory epithelia that aid in removal of bacteria and par-
ticulate matter), and localized chemical barriers (such
as stomach acid, the mucus layer in the respiratory and
gastrointestinal tracts, and fatty acids in the skin and



"SIUITA 19)SOZ-B[[9ILIBA — AZA ‘SnuIA Xo[duuts sad1ay — ASH ‘g-snamasadiay uewny — g-AHH ‘Snaraoedauold — AJND ‘AI191x0103140 pajerpaw-[[a0 juapuadap-Apoqnue — DDAV

saurooea 03 puodsal 03 Ajiqeu
suonoajur Areuowrndours 10 [5) JUSIINIAY
SUOTIO9JUT [BIIA0IIUY

suwstuedio payensdeouy

(UL s1sAOoUIMaUJ ‘eIpIern) B0z0joid
(8-AHH ‘AIND ‘AZA ‘ASH £[[e100dsa) sosniip
(eprpue) ‘snydradsy) 13ung
(e11910BqOoAUT
‘B110)ST]) BLI9)JBQ TRM[odeNUT
swistueSIo  fensnun, Y)m suonodju|

a3e Jo s1eah g~ [nun suadnue
apureydoesAjod o) puodsal 0} ajqeun
amsodxa oruadnue
m Aouegur INOY3NOIY) SAZI[BWIOU
—s[192 g 01 . d[oy,, ap1aoid o0y Ayijiqe
pue ‘uorssardxa a[noafowr A10)eNWNS0d
‘uononpoid aupj0Ad paseaIdap
(9%06) 2reu0au ur adAyouayd aareN
POOYPIYO d1e] 4q S[O
-A9[}[NPE 01 SUIOIP — SIIQUINU JN[OSE PISLIIIU]

(suadnue oygads 01 Apoqnue
JO UONRUWLIO)) AJTUNUIWIT [EIOWINE]

dpy,, Surpraoxd
Aq uonouny (90 g Jo AJUSIOYJO ) SISBAIOUT
SISA[01AD
asuodsar aunwwir 9y} jo uonem3ay
SaUD|01A2 JO UOTIBIOQR]
Arunuwat pajerpaw-[[oD)

ST[PO d

S[[e9 I,
oyads uadnuy

s9)hooydwA]
F3 uadnue juasaid 01 AI[Iqe paseardaq 0} suadnue juasard pue armde) S[[99 dnHIpua(g
Aqrureg snaia sodIoH 9y3 JO SIoquUIdUI Aanoe (surejoid [el1a 10 1o} S[[22
IIM SUOTIJIJUI [BIIA dIIADS /JUILININY onAJ0140 paseaIdap DDV pasearda  S+9) suadnue Jpas-uou, Sunuasaid s[@d asAT (IN) 191D [eInIeN
SUOT}J9JUT JUALIMNIAI J0 919Ads dofanag uonewIoj Apoqnuy
(ovzuanyfur ‘[ ‘efouOMWI[ES uoneziuosdo YIm spry
‘avruownaud ) swisiuedio pajyemsdeouyg SWISTUBSZIO TR[NISBARIIUT SII] ua9rds
124 T Aq
S[OAJ] J[NPE — SIXBJOWAYD PISLIIIP ‘SIILU0IU
13uny ‘erra)oeq ur [ood morrewr auoq pasea1ddp :s[rydonnaN SI0)OBJ OT}OBJOUIAYD PUE SIUD[0JAD
onsrumyroddo aanedau urerd ‘1050d50[Ayders s1eaA 9 Aq TOTIOUNY SurpnouT S90UBISNS SATIIL SUNITIT 3)BIO R
I9Y30 :SWSTUE310 9OUS[NIIA MO'T Jnpe — uononpoid dUD[0IAD PasLaIdP (sadeydoIoew) S[[92 I, 01 suUaSnUE JUISAIJ
snainy sn2200jAydvis ‘SIXB10UWIAD PISEAIIIP :$91A00UOIN SWISIUBZI00IdIW [ pue Jndug s914003eyq
SUOTIIJUT UDS JUBNII[BIAI/IUILINIY SjuB)OBNIROWAYD)
$9199dSs BLIOSSION UIIM SUOTIIJUI JUILINIY s9)eUOdU s1soj4oo3eyd areyoe suruosdo
suwstuedio payensdeouy Ul PaseaIdap S[oAJ] JuaW[dW0d [RUTULI], asuodsar sunwwit oY) Ajrdury Juawardwo)
13unj ‘er1a)oeq 2AE3OU jusuwruoIAua aydures JsuoJop
wre1d onstunizoddo ‘snododojhydess s1edA g—9 Aq S[OAd] INpPe-y3] pasea1dad uadnue Juasaig [esoonuu/sIaLLeq
aane3ou asendeod :swistue3I0 90USNIIA MO  sjueJUIl dInjewald Ul paseaIdap sIalireq [eroyidg swSTue310019TW JO dduenUa apaduuy rereyIdy
areuuy
TONOUNJSAP [IIM PIIRIIOSSE SUOTIIIU] EERpENEN B Il EL s [N EYETq uonoung Jjuouoduwod

wWISAS aunuIw|

uondUNYSAp Y1IM paje1dosse suofiddjul pue spadse ejuawdo|aAap ‘suonduny :wajsAs aunwuil 3yl L°L 3jqel



cerumen) impede entrance of pathogens. Breaches in these
barriers may result in disease caused by normally low viru-
lence organisms such as coagulase negative staphylococ-
cus. In most cases the disruption occurs when foreign bod-
ies such as central venous catheters, endotracheal tubes,
and indwelling urinary catheters and gastrostomy tubes
are placed.

Mucosal immunity

Another component of the innate immune system is a
series of lymphoid tissue aggregates (mucosal-associated
lymphoid tissues), located at sites that interface with the
environment. These lymphoid aggregates (such as Peyer’s
patches in the intestines) provide a mechanism for contin-
uous sampling of the environment, recognition of foreign
antigens, and sites for early initiation of an antigen-specific
response [1, 2]. A specific immunoglobulin, secretory IgA,
is synthesized in the mucosal associated lymphoid tissues
and adds to the local defense in the gastrointestinal and
respiratory tracts.

Opsonins

Opsonins are proteins that bind to the surface of bac-
teria and facilitate phagocytosis. Acute phase reactants
(C-reactive protein, fibronectin, etc.), complement, and
antibody are the major components of this system. Com-
plement is a collection of proteins that are activated by
proteases in a sequential manner. Among its many func-
tions, complement plays an important role in the killing
and clearance of invasive bacteria. There are two major
methods for activating complement: the classical pathway
(antibody binds bacterial antigen which then is complexed
with C1, a component of the complement system), which
begins a series of proteolytic reactions that activates addi-
tional complement components and the alternate path-
way (bacterial antigen directly binds the C3b component
of the complement pathway) which also activates the cas-
cade. Both pathways converge, and result in formation of
a complex that lyses the bacteria. In addition to bacterial
clearance, complementis also involved in some of the clini-
calsigns associated with infectionincludingvasodilatation,
erythema, and induration [3].

Spleen

The spleen is an important part of the innate immune sys-
tem and acts as a filter that efficiently removes opsonized
bacteria. Absence or dysfunction of the spleen predis-
poses to overwhelming infection with encapsulated organ-
isms. The spleen is also an important site of antibody
production.

The immune system

Macrophages

Macrophages and monocytes are major effector cells of the
innate immune response and are responsible for the killing
and clearance of invading microbes. Macrophages, which
are present in most tissues, migrate to sites of infection and
phagocytose foreign substances. In addition, macrophages
elaborate a large number of cytokines (see below) and
growth factors. The cytokines may either amplify (e.g. IL-
6, TNF-q, IL-1) or dampen (TGF-B) an evolving immune
response [4]. Elaborated growth factors may also have
direct antimicrobial functions (IFN-«, M-CSF) or induce
proliferation and differentiation of nearby T cells.

Neutrophils

Neutrophils are resident blood phagocytes that can adhere
to endothelial cells and then migrate between the endothe-
lial cells to sites of infection. They phagocytose microbes
that are coated with immunoglobulins or complement.
They are particularly important in the host defense
against bacteria and fungi. Neutrophils kill phagocytosed
pathogens via the respiratory burst (generation of reactive
oxygen metabolites) or by degranulation with release of
substances that directly kill pathogens or potentiate the
effects of the respiratory burst.

Natural killer cells

Natural killer (NK) cells are specialized lymphocytes
important in the early recognition of non-self proteins and
are particularly important in the early response to viral
infections. Viruses often down-regulate host major histo-
compatibility complex molecules (see below) on the sur-
face of infected cells. The lack of these molecules causes
the NK cells to recognize them as foreign, making them
targets for lysis.

Dendritic cells

Dendritic cells (DC) are antigen-presenting cells that cap-
ture antigen and present it to lymphocytes. DCs are a com-
plexsystem ofbone-marrowderived cells that develop from
eitherlymphoid or myeloid precursors. In general, there are
three major DC populations: (a) Langerhans cells, which
reside in tissues and migrate to T-cell areas of lymphoid
organs after antigen uptake, where they are known as inter-
digitating cells; (b) myeloid DCs (also known as interstitial
ordermal DCs), which become germinal center DCsinlym-
phoid follicles; and (c) plasmacytoid DCs which reside in
the T cell areas of lymphoid tissues [5]. Langerhans cells and
myeloid DCs are primarily derived from myeloid progen-
itor cells while plasmacytoid DCs are derived from lym-
phoid progenitors [6].



S. Smith and A. J. Melvin

In the tissues, DCs are largely immature and function
primarily to take up and process antigen. As they migrate
to lymphoid tissues they undergo a maturation process to
become effective antigen-presenting cells [5]. The different
populations of DCs appear to have different primary func-
tions. Langerhans cells are potent activators of CD8" cyto-
toxic T cells [7] and promote T helper type 1 (Th1) responses
in CD4™" T cells. Myeloid DCs also promote Th1 responses
and areknown as DCI cells, while plasmacytoid DCsinduce
Th2 responses [8] and are thus known as DC2 cells.

Toll-like receptors

Toll-like receptors are a recently described family of
transmembrane proteins that play an important role in the
initiation of the innate immune response. To date, there
have been 10 Toll-like receptors cloned that are designated
TLR1-10. These molecules, first discovered in flies, are con-
served across species and serve as an “early warning sys-
tem” for recognition of microbial antigens. Most studies
have focused on the ability of these proteins to recog-
nize whole bacteria (such as Escherichia coli, Staphylo-
coccus aureus and Mycobacterium tuberculosis) or bacter-
ial products (such as lipopolysaccharide or CpG DNA).
Toll-like receptors also recognize non-bacterial products
such as yeast and respiratory syncytial virus. Activation
of toll-like receptors results in the release of chemokines
and other inflammatory mediators from dendritic cells and
macrophages and modulates the expression of chemokine
receptors on dendritic cells [9]. It is likely that several toll-
like receptors act in concert to recognize foreign mater-
ial and induce intracellular reactions that lead to immune
activation [10].

1.2.2 Antigen-specific immunity

Cell-mediated immunity

T cells

T lymphocytes, or thymus-dependent lymphocytes, are
essential components of the cellular immune system.
These cells mediate delayed-type hypersensitivity reac-
tions, regulate the development of antigen-specific anti-
body responses and provide specific host defense against
a variety of organisms. Distinct sub-populations of T lym-
phocytes that express different cell surface proteins have
been identified through the use of monoclonal antibodies.
As different monoclonal antibodies may recognize similar
cell surface proteins, a system has been developed which
uses a cluster of differentiation (CD) nomenclature [11].
The lymphocyte subsets are identified through the use
of flow cytometry techniques (fluorescent antibody cell

sorting or FACS analysis). A summary of the function of
lymphocytes and commonly used nomenclature is found
in Table 1.2.

T cell receptor complex

T lymphocytes bear antigen-specific T cell receptors (TCR),
which are required for the recognition and binding of for-
eign antigen. TCRs are composed of either alpha («) and
beta (8) chains or gamma (y) and delta (3) chains. Each of
the chains has a variable amino-terminal portion involved
in antigen recognition and a carboxy-terminal region that
isconstant. Asthe T lymphocytes mature, rearrangement of
dispersed segmentsV (variable), D (diversity, 3-chain only),
] (joining) and C (constant) of the alpha, beta, gamma and
delta chain genes of the TCR occurs so that these gene seg-
ments are contiguous [12], creating a unique TCR within
each individual T cell with specific capacity to recognize
particular antigens. It is through this gene rearrangement
thatthe TCR diversity necessary for the recognition of thou-
sands of antigens is developed. The predominant T cell
type in lymphoid organs and in the peripheral circulation
express a TCR with «/f chains (a/B T cells). T cells that
express the /3 TCR chains (y/3 T cells) are less abundant
and located primarily in certain mucosal tissues such as
the intestinal epithelium [13].

MHC molecules

Antigen-presenting cells present antigen to T cells in the
form of short peptides complexed with major histocom-
patibility complex (MHC) molecules. These cell surface
molecules were initially identified as the major antigens
involved in the acceptance or rejection of transplanted tis-
sues. Tissue transplanted from a donor whose cells express
different MHC molecules than do the recipient cells will be
recognized as “non-self” and be rejected. Similarly, when
foreign antigens are complexed with MHC molecules, the
complex is recognized as non-self by the TCR and an
immune response is initiated [14]. Class | MHC molecules
are expressed on the surface of most cells and present
endogenous antigens derived from the intracellular com-
partment of the cell (e.g. protein antigens derived from
viruses infecting the host cells). Class II MHC molecules
exist primarily on the cell surface of “professional” antigen-
presenting cells (monocytes, macrophages, dendritic cells,
and B cells) and are able to present proteins which originate
outside or within the cell (e.g. proteins derived from phago-
cytosed bacteria). CD4*" (helper/inducer) T cells prefer-
entially recognize exogenous antigen bound to class II
MHC molecules, and CD8" (cytotoxic) T cells preferentially
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Type of antigen Common cell
Lymphocyte type  Function receptor surface markers
T Lymphocytes
Helper Regulation of the immune response aB T cellreceptor  CD3",CD4,
Development of “memory” response CD8~
to antigens
Thl Cell-mediated Immunity - control of ~ «f T cellreceptor ~ CD3%,CD4",
intracellular pathogens, DTH CD8~
response
Activates macrophages via cytokine
elaboration (IFN-vy and IL-2)
Th2 Stimulates B lymphocyte af T cellreceptor ~ CD3*,CD4™,
differentiation and proliferation CD8~
(humoral immunity)
Elaborates cytokines involved
primarily in the allergic response
(IL-4, IL-5, IL-10)
Cytotoxic Lysis of tumor cells, virus-infected af T cell Receptor CD3*, CD4,
cells CD8*
Stimulates cell-mediated immunity
via cytokine production
B lymphocytes Production of antigen-specific Immunoglobulin  Fcreceptors,
immunoglobulins (humoral molecules (IgG, MHC II molecules
immune response) IgM, IgE, IgA) CD20, CD19
Natural killer (NK)  Lysis of virus-infected cells and CD16, CD56

tumor cells lacking MHC class I;
antibody-dependent cellular
cytotoxicity

lymphocytes

recognize endogenous antigen bound to class I MHC
molecules [15].

Antigen presentation

The initiation of a specific immune response to protein
antigens begins when the TCR on mature T cells recog-
nizes short peptides that have been processed and bound
inacleftinthe MHCmolecule of the antigen-presenting cell
(APC). The CD3 molecule with which the TCR is invariably
associated, mediates signal transduction from the TCR to
the interior of the T cell. The TCR/ CD3 complex is essen-
tial for proper antigen recognition. Additional molecules
expressed by T cells, termed accessory molecules, must
also interact with the antigen-presenting cell to insure
an appropriate T cell-mediated response [16]. Two of the
major accessory molecules expressed by T cells are the

CD4 and CD8 molecules. The extracellular portion of these
molecules binds to the invariant regions of the class I or
class II MCH molecules on antigen-presenting cells. Other
molecules including CD28 and members of a class of pro-
teins called integrins act as costimulatory signals for the
induction of an appropriate immune response to vaccines
and certain pathogens. Through TCR-MHC-antigen inter-
action, the T cell is activated, further differentiates and ini-
tiates the process to respond to the foreign protein. There
are surface markers on T cells that change once the T cell
TCR has encountered its specific antigen (cognate anti-
gen) [11]. A subset of the adult peripheral CD4* T cells
(CD45RA+ CD29'°") appear to be naive cells that have not
encountered specific antigen and form the pool of cells
capable of responding to novel antigens. It is hypothe-
sized that after an initial encounter with antigen, these cells
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develop into memory T cells with an altered phenotype
(CD45RO* CD29M) [17]. These memory T cells are capable
of rapid proliferation as well as increased cytokine produc-
tion after rechallenge with a previously encountered anti-
gen, allowing for a more rapid and expanded secondary
host-response.

CD4" T cells

The majority of peripheral o/ T cells also express CD4 or
CD8 surface antigens. CD4* T cells are generally referred to
as the helper/inducer subset because of their central role in
theinduction and regulation of mostaspects oftheimmune
response. Amajor function of CD4" T cellsis to provide help
to B cells for the production of antigen-specific antibody.
B cells process internalized antigen and present antigen
fragments bound to self-MHC molecules, thus activating
CD4™" T cells. During the cell to cell interaction between
B cells and CD4™ T cells, there is upregulation of various
membrane molecules which increase the efficiency of the
B cell - T cell interaction [18, 19]. In addition, CD40 ligand
appears on the surface of the activated T cell. The inter-
action between CD40 on the B cell with CD40 ligand on
the CD4* T cell is essential for a normal humoral immune
response [20]. Through both cell-cell contact and the pro-
duction of cytokines, CD4* cells are essential for the devel-
opment of a normal antibody response including activat-
ing B-cells into antibody-secreting cells with the ability to
undergo the antibody class switch process (see below). In
addition, CD4" T cells provide help for the generation of
both the cytotoxic (see below) and suppressor function of
CD8* T cells. Memory T cells which are able to initiate a
rapid immune response to previously encountered anti-
gens (see above) are CD4™ T cells.

Thl vs Th2 T cells

There appear to be two functionally distinct subsets of
CD4 cells that are distinguished primarily by their relative
expression of certain cytokines [21]. Th1 cells, which pref-
erentially produce interferon-gamma and IL-2 enhance
cellular immunity and macrophage activity. Th1 cells are
important in the regulation of delayed-type hypersensi-
tivity responses including granuloma formation and the
killing of intracellular pathogens. Th2 cells produce IL-4,
IL-5 and IL-10, and are involved in the regulation of
humoral immunity. These cytokines play an important role
in the development of allergic diseases, as IL-4 is essential
for IgE production and IL-5 induces the proliferation and
differentiation of eosinophils [22, 16]. Whether naive CD4*
T cells differentiate into Th1 or Th2 cells depends on a vari-
ety of factors including the cytokine milieu, antigen dose
and the nature of the specific antigen.

CD8" T cells

CD8" T cells are often referred to as the cytotoxic/
suppressor subset due to their role as cytotoxic T cells as
well as their role in the suppression of various immune
responses [15]. The activation of CD8" T cells by recog-
nition of antigen bound to class I MHC molecules results
in the generation of antigen-specific cytolytic activity. As
nearly all host cells express class I MHC molecules, these
cytolytic T lymphocytes (CTL) can respond to a viral infec-
tion of most host cells [16]. Through the production of sev-
eral cytokines, particularly IL-2, CD4" cells provide help
to CD8" T cells for the development of an effective CTL
response [23].

Cytokines

Cytokines are soluble proteins produced by a variety of
cells that modulate the immune response. The cytokines
express their effects either locally or systematically by inter-
actingwith specific membrane receptors expressed by their
target cells. Different cytokines may perform similar func-
tions and affect multiple cell types, and may be functionally
linked, either with synergistic or opposing effects. Cytokine
functions include: (a) the regulation of lymphocyte growth
and differentiation; (b) mediation of inflammation; and
(c) the regulation of hematopoesis. Cytokines affecting T
cells include the interleukins (IL), interferons, growth fac-
tors, and tumor necrosis factor (TNF) [16] (Table 1.3).

Chemokines

Chemokines are a relatively recently discovered family
of cytokines whose primary role is regulation of chemo-
taxis [24]. There are over 40 chemokines grouped into four
families. The largest families are comprised of the alpha
and beta chemokines. Beta chemokines have two adja-
cent cysteine residues (CC) and alpha chemokines have
one amino acid separating the first two cysteine residues
(CXC).Chemokines appear to be produced by almostall cell
types, particularly in response to inflammation. Proinflam-
matory cytokines such as interleukin 1 and TNF alpha [25],
lymphokines such as IFN gamma and IL-4 [26], as well as
bacterial LPS and viral infection can stimulate chemokine
production.

Chemokines bind to specific receptors on the target
cells. Most chemokine receptors bind more than one
chemokine, however CC chemokine receptors bind only
CC chemokines and CXC receptors only CXC chemokines.
Different types of leucocytes express different chemokine
receptors. Some receptors are restricted to specific cell
types, while others are widely expressed (Table 1.4).

Chemokines play an important role in inflammatory dis-
ease. The type of inflammatory cells infiltrating the area
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Table 1.3 Selected cytokines, cell source and principal effects

Cytokine Cell source Target cell/principal effects
IL-2 T cells T cells: proliferation and differentiation; activation
of CTL and macrophages
IL-3 T cells, stem cells Cell colony stimulating factor
IL-4 T cells T/B cells: B cell growth factor, isotype selection
IL-6 T/B cells B cells/hepatocytes: B cell differentiation, acute
phase reactant production
1L-8 Monocytes Granulocytes, basophils, T cells: chemotaxis,
superoxide release, granule release
IL-12 Monocytes T cells: induction of Th1 cells
IFN-gamma T cells, NK cells Leukocytes, macrophages: MHC induction,
macrophage activation and cytokine synthesis
TNF-alpha Macrophages, Macrophages, granulocytes: activation of
mast cells, monocytes, granulocytes, increase adhesion
lymphocytes molecules, pyrexia, cachexia, acute phase

reactant production

IL - interleukin; IFN - interferon; TNF — tumor necrosis factor; CTL - cytolytic T lymphocytes;
MHC - major histocompatibility complex.

Table 1.4 Selected chemokines, their receptors and target cells

Chemokine Receptor Target cell

MIP-lalpha CCR1-7 Eosinophils, monocytes, activated T cells, dendritic

cells, NK cells

MIP-1beta CCR1-7 Monocytes, activated T cells, dendritic cells, NK cells

RANTES CCR1-7 Eosinophils, basophils, monocytes, activated T cells,
dendritic cells, NK cells

Fractalkine CX3CR1 Monocytes, activated T cells, NK cells

SDF-1 CXCR4 Monocytes, resting T cells, dendritic cells

MIG CXCR3 Activated T cells, NK cells

IL-8 CXCRland2 Neutrophils

IP-10 CXCR3 Activated T cells

MCP-1 CCR2 and 5 Monocytes, activated T cells, dendritic cells, NK cells

Eotaxin-1 CCR1-3 Eosinophils, basophils

MIP — macrophage inflammatory protein; SDF — stromal-cell derived factor;
MIG - monokine induced by interferon gamma; IL — interleukin; IP — interferon inducible
protein; MCP — monocyte chemoattractant protein. Adapted from Luster (1998) [24].

of inflammation is determined partly by the subgroup of
chemokines expressed by the affected tissue. For example,
the concentration of the chemokine IL-8 is increased in
alveolar fluid from patients with pneumonia, resulting in
aninflux of neutrophils [27]. In contrast, in viral meningitis,
the concentration of chemokines IP-10 and MCP-1 in the
cerebrospiral fluid (CSF) isincreased, recruiting monocytes
and lymphocytes [28]. The chemokine system provides an

important link between the innate and adaptive immune
systems. Dendritic cells pick up foreign antigen in the tis-
sues to carry to regional lymph nodes where naive B and
T cells are activated. The activated cells then traffic back
to sites of inflammation. The chemokine system regulates
this dendritic cell and lymphocyte trafficking — bringing
the antigen-loaded dendritic cells and naive lymphocytes
together to generate the adaptive immune response and
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then delivering the adaptive effector response to sites of
inflammation and infection [9].

Humoral immunity

Immunoglobulins

Immunoglobulins (antibodies) are a group of proteins
that bind antigen with high affinity and specificity. An
immunoglobulin moleculeis made up of 2 heavyand 2 light
chains, aligned in parallel, and covalently linked by disul-
fide bonds (IgM is a pentamer of the basic immunoglobu-
lin molecule). The heavy and light chains have both vari-
able (V) and constant regions. The variable regions of the 2
chains (Vi and Vi) form the antigen-binding region of the
immunoglobulin. During B cell development, rearrange-
ment of the genes encoding these regions within individual
B cells results in the production of a unique antibody with
the potential for recognition of one of greater than 10'? anti-
gens, imparting enormous diversity and specificity to the
humoral immune response [29, 30]. The constant region
of the heavy chain determines the antibody isotype: IgG,
IgM, IgA, IgE, and IgD. Functions of the immunoglobulin
isotypes include: (a) opsonization or binding to a microbe
or particle to facilitate phagocytosis or killing (IgM, IgG, IgA,
IgE); (b) complement fixation, which involves activation of
the complement cascade via the classical pathway (IgM,
IgG); (c) direct inactivation of some toxins or viruses (IgG,
IgM, IgA); (d) enhanced antigen clearance via the reticu-
loendothelial system (IgG, IgM); and (e) release of chemi-
cal mediators following binding of antibody receptor (IgG,
IgE).

B cells

B cells bind antigen via the variable regions of the
immunoglobulins that are expressed on the cell surface.
Naive B cells express both IgD and IgM on the cell surface
prior to encountering their cognate antigen (the antigen
specifically recognized by the immunoglobulin receptor).
The surface immunoglobulin is associated with two other
proteins, Ig-a and Ig-B, and this complex forms the func-
tional signaling pathway (similar to the TCR/CD3 com-
plex on T cells) [31]. Most B cells require T cell help to
become fully activated. T cell help is provided by cytokines
secreted by the T cell and direct contact with the T cell that
allows interaction of B and T cell costimulatory molecules
like CD40 ligand and CD40. Following antigen binding,
B cells may terminally differentiate into a plasma cell,
which is capable of producing large amounts of specific
immunoglobulin after either the initial or a second
encounter with its cognate antigen [29].

The primary immune response

The first time the immune system encounters an antigen,
few cells specifically recognize the antigen, thus the pri-
mary immune response is relatively slow and produces rel-
atively low affinity antibodies [29]. The antigen is endocy-
tosed and processed by an APC (monocyte, macrophage or
dendritic cell, usually not B cells), and then itis presented to
an antigen-specific T cell. The T cell must then contact and
activate B cells specific for the antigen/TCR complex. The
B cells then proliferate or differentiate into plasma cells.
The antibody produced during this phase of the immune
response is typically IgM and has relatively low binding
affinity for the antigen. Further refinement of the gene
segments encoding the antigen-binding domain of the
antibody molecule occurs through a process of somatic
hypermutation. B cells expressing antibody with higher
affinity forantigen are selected for activation and differenti-
ation. While most B-lymphocytes differentiate into plasma
cells, the remainder proliferate in a clonal manner and then
revert to memory B cells.

The secondary immune response

When the B cell re-encounters its cognate antigen, the anti-
gen is endocytosed by the memory B cells and loaded onto
MHC class II molecules. The peptide is presented on the
surface of the B cell by the MHC molecule to CD4 cells
that then activate the B cell. The B cells proliferate and
undergo further differentiation, including class switching
(DNA rearrangement that results in different heavy chain
isotypes linked to variable regions). The B cells then are
capable of production of different types of high-affinity
antigen-specific immunoglobulins - IgG, IgE, or IgA, the
specific isotype being influenced by T cell cytokines (e.g.
L4 favors IgE production). The process of clonal prolifera-
tion and plasma cell differentiation occurs in an amplified
or accelerated manner which results in a rapid production
of large amounts of high-affinity antibodies each time the
antigen is encountered [19, 30].

1.3 Development and maturation of the
immune system

Both the innate and adaptive immune systems are less effi-
cient in infants compared with adults. Mucosal barriers
are less effective, particularly in premature infants, placing
them at risk for systemic disease from colonizing organ-
isms. Immunoglobulinlevels arelower ininfants and young
children. In addition, the specific immune response is
decreased due in part to less effective antigen presentation
by dendritic cells and decreased cytokine production by



neonatal lymphocytes. Most aspects of the immune system
mature with age such that adult-level immune responses
are achieved within the first few years of life. The major
developmental differences that exist between the adult
and neonatal/infant immune systems are summarized in
Table 1.1. The immaturity of the infant immune system
affects the ability of HIV-infected neonates to control HIV
replication and places them at higher risk for opportunistic
infections.

1.3.1 Innate immunity

Epithelial barriers/mucosal defenses

The epidermis increases in cell layers and thickness
throughout gestation and at term, infant skin is similar to
adult skin except that it is thinner. Secretory IgA is unde-
tectable at birth, but is present in various secretions by
2 weeks of age and reaches adult levels by 6-8 years of
age. The rate of increase of IgA levels parallels the inten-
sity of antigen exposure [32]. Decreased levels of secretory
IgA may allow for greater adherence of pathogenic bacteria
to mucosal epithelium.

Complement

Complement synthesis begins early in gestation (6-14
weeks) and by birth the levels and biologic activity of some
portions of the complement cascade are equivalent to adult
levels. However, some elements of the alternative path-
way (C8, C9) are decreased to <20% of adult levels, which
may contribute to the age-related susceptibility of young
infants to infection with organisms such as N. meningitidis
[32]. Additionally, infants have decreased levels of C3b that
may contribute to increased susceptibility to encapsulated
organisms [33, 34].

Phagocytes

Macrophages and monocytes are derived from a com-
mon stem cell. The yolk sac is the first site of macrophage
development followed by the fetal liver and then the bone
marrow after birth. From the bone marrow, mature blood
monocytes migrate to the peripheral blood. The mono-
cytes circulate for 1-4 days and then can migrate into tis-
sue where they further differentiate to become resident
tissue macrophages. The number of monocytes circulat-
ing in the peripheral blood varies, reflecting both egress
of cells into tissues, margination of cells along endothe-
lial surfaces and new cells migrating from the bone mar-
row. Tissue macrophages have a long half-life ranging from
60 days to manyyears; this cell type is believed to be termin-
ally differentiated.
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The absolute number of monocytes is higher in neonates
than in adults. The number decreases from early in the
neonatal period and reaches adult levels by early child-
hood. Tissue macrophages from infants may not kill cer-
tain pathogens as well as adult macrophages and there are
modest differences in the ability of neonatal macrophages
to generate reactive oxygen intermediates following phago-
cytosis [35].

Monocyte function is primed by a number of lym-
phokines that are released by activated T cells. Neona-
tal monocytes are less able to support and respond to
IFN-y production by NK and T lymphocytes than adult
monocytes, which further diminishes the ability of neona-
tal T cells and T lymphocytes to produce these molecules
[36]. Augmenting this deficit, the production of some
cytokines and growth factors (TNF-q, IL-8, IL-6, and G-
CSF) from neonatal monocytes/macrophages is reduced
[32, 36]. The most striking developmental difference of
immature macrophages is decreased chemotaxis to sites
of inflammation or infection. Following dermal abrasion
there is delayed influx of neonatal monocytes compared
with adults, and this difference persists until approximately
6-10 years of age [37].

Neutrophils

Neutrophils arise from stem cells in the bone marrow
and differentiate into granulocytes. The development of
neutrophils within the bone marrow is highly depend-
ent upon various cytokines and growth factors includ-
ing granulocyte-colony stimulating factor (G-CSF). Mature
neutrophils can be detected as early as 14-16 weeks gesta-
tion and the number increases throughout gestation. The
blood neutrophil pool is divided into marginated and cir-
culatory components of approximately the same size. In
adults, the maturation of neutrophils from stem cells to
mature neutrophils takes approximately 9-11 days but can
be accelerated by stress or infection.

There is a sharp rise in the number of neutrophils in the
peripheral circulation immediately after birth, but the abil-
ity to further expand the neutrophil storage pool is limited
inneonates [38]. This state may contribute to the inability of
infants to increase the number of circulating, mature neu-
trophilsinresponse to infection. Similar to neonatal mono-
cytes, chemotaxis of neonatal neutrophils to sites of infec-
tion is decreased when compared with adults. This deficit
is multifactorial, reflecting decreased ability to adhere
to vascular endothelium, decreased cytokine production
by monocytes, and additional incompletely defined defi-
ciency to move toward chemotactic stimuli [36]. Neutrophil
chemotaxis reaches adult competence by 2 years of age
[38-42].
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Natural killer cells

NK cells make up a significant portion of the lymphocytes
in the neonatal liver and can be detected as early as 6 weeks
gestation. Neonatal NK cells have reduced cytolytic activ-
ity (approximately 50% that of adults) and do not reach
adult levels until approximately 9-12 months of age. There
is also decreased antibody-dependent cell-mediated cyto-
toxicity (ADCC). Diminished direct cytolytic activity and
ADCC against members of the herpes virus family may con-
tribute to increased susceptibility and infection by herpes
simplex virus and cytomegalovirus [32, 43].

Dendritic cells

The reduced ability of neonatal T and B cells to respond
to antigens (discussed below) may be due in part to the
reduced ability of neonatal dendritic cells to present anti-
gen [44]. Cord blood dendritic cells express fewer MHC and
ICAM-1 molecules and are less effective than adult den-
dritic cells at supporting proliferation of T cells in response
toantigenicstimulation [44]. Studies in newborn mice have
also demonstrated a defect in the ability of dendritic cells
to present specific antigen to T cells which improves with
age [45].

1.3.2 Antigen-specific immunity

Cell-mediated immune response

Thymic development

The thymus, which originates from the ventral portions
of the third and fourth pharyngeal pouches, descends to
its position in the anterior mediastinum between 7-10
weeks gestation. By 10-14 weeks of gestation, the thymus
is highly organized and the emigration of mature T cells to
the periphery has been established. The thymus is com-
partmentalized into a cortex, containing immature T-cells,
and a medulla into which T cells migrate as they mature.
The thymic stromal cells are important for thymic lym-
phocyte maturation as they play a role in the differentia-
tion, development and selection of T cells [46]. The proper
development of T cells bearing the a TCR is absolutely
dependent on an intact thymus, while some T cells bear-
ingthey3 TCRundergo thymus-independentdevelopment
and maturation [32, 47].

T cell phenotype

Neonatal T cells bear the phenotype of naive adult T cells
(CD45RA+ CD29'°%) consistent with the limited exposure
of the neonate to foreign antigens [48]. The percentage of
circulating neonatal T cells of this phenotype is approxi-
mately 90%, while the percent in the adult circulation is
60% [17]. This phenotypic difference is significant because

memory T cells (CD45RO*, CD29M), are able to migrate
to sites of inflammation, are less dependent on costimu-
latory molecules for proper activation, proliferate more
rapidly and produce cytokines more efficiently [49]. These
attributes allow for a rapidly expanded T cell response
with antigenic rechallenge. As the initial encounter with
a novel antigen leads to a less robust response, neonates
may experience a delayed T cell dependent immune
response.

T cell numbers

The number of circulating T cells increases from mid-
gestation until approximately 6 months of age, with a
median CD4" cell count at 6 months of approximately
3000 cells/wL3. This peak is followed by a gradual decline
throughout childhood until adult levels, approximately
1000 cells/pL3, are reached by late childhood. The changes
in CD4% are less dramatic, declining from approximately
50% to 40% between infancy and adulthood. The ratio of
CD4™" to CD8™ T cells also changes throughout childhood
and theadultratio of2:1isreached atapproximately 4 years
of age (Figure 1.1) [50].

Cytokine production

The production of some cytokines including TNF-a
and GM-CSF is modestly reduced in neonates, while
others, critical for arapid integrated immune response, are
markedly decreased in neonates including IFN-v, IL-3, IL-
4, IL-5, and IL-12 [51]. The reduction in cytokine produc-
tion by neonatal T cells is not global, as IL-2 and TNF-8
are produced at near adult levels [52-55]. When stimulated
under normal conditions, neonatal CD4* T cells prefer-
entially develop a Th2 phenotype [56]. However, provision
of increased CD28 costimulation results in the production
of high levels of Thl cytokines suggesting that the defect
in neonatal T-cells is not intrinsic, but related to the con-
ditions of activation [56]. Additionally, experimental evi-
dence suggests that administration of adult levels of IL-12
caninduce an adult-type Th1 response in neonatal animals
[57]. The ability to efficiently synthesize cytokines increases
with age with TNF-a production normalizing within the
first few months of life and IFN-y and IL-12 production by
1 year of age [32, 51].

T cell help for antibody production

T cells from young infants and neonates are less able than
those from adults to provide the necessary help to B cells
for activation in most cases. This most likely reflects the
naive phenotype of T cells, reduced cytokine production,
particularly Thl cytokines, and reduced expression
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from reference [66].

of certain costimulatory molecules like CD40 ligand
[58]. The practical implications of diminished T cell
help for antibody production are delayed responses to
certain infections and immunizations compared with
adults.

DTH

Delayed type hypersensitivity (DTH) is a method to test the
integration of the T lymphocyte with antigen-presenting
cellsin vivo. At birth, there isno detectable DTH to Candida
or tetanus toxoid. The absent DTH response is not solely
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Table 1.5 Levels of immunoglobulins in normal subjects by age

IgG IgM IgA

Total immunoglobulins % of adult % of adult  mg/dl % ofadult  mg/dl % of adult
Age mg/dl level mg/dl level level level
Newborn 1044 +201 67£13 1031 £200 89417 11+5 11+5 2+£3 1+£2
1-3 mo 481 +127 31+9 430£119 37+10 30+11 30+11 21+13 11+7
4-6 mo 498 +204 32+13 427+ 186 37+16 43+17 43+17 28+18 14+9
7-12 mo 752 +£242 48+15 661 £219 58+19 54123 55423 37+18 19+9
13-24 mo 870+ 258 56 £ 16 762 +209 66+ 18 58 £23 59+23 50+24 25+12
25-36 mo 1024 +205 65+14 892 +183 77+£16 61+19 62+19 71+37 3619
3-5years 1078 + 245 69+17 929 +228 80+20 56+ 18 57+18 93+ 27 47+14
6-8 years 1112 £293 71+20 923 £256 80+22 65125 66 + 25 124 +45 62 +23
9-11 years 1334 £ 254 85+17 1124 £235 97+20 79133 80+33 131 +60 66 +30
12-16years 1153 £169 74+12 946 + 124 82+11 59 420 60+ 20 148+ 63 74+32
Adult 1457+353 100+24 1158+100 10026 99+27 10027 200+ 61 100+ 31

Mean values + one standard deviation — normal levels may vary at different reference laboratories.
Modified with permission from Pediatrics, 37: (1966), 715-27.

duetonaive T cells, because anormal DTH response cannot
be reconstituted with memory cells. Other factors includ-
ing defective monocyte chemotaxis or decreased numbers
of efficient antigen-presenting cells (dendritic cells) com-
pound the defect. The ability to reliably mount a delayed
type hypersensitivity response is present after 1-2 years of
age [59, 60].

Cytotoxic T lymphocytes (CTL)

While in vitro studies have demonstrated that neonatal
T cells are capable of developing into CTL effector cells,
the incidence of CTL development and the magnitude of
CTL activity are decreased during most natural infections
in infants compared with adults. Studies in vaccine trials
and from HIV-exposed infants suggest that CTL activity
matures within the first year of life [51].

Humoral immune response

Development

Pluripotent stem cells are the primitive precursors of lym-
phocytes and are found in the yolk sac early in gesta-
tion. Early B cell precursors are found in the fetal liver by
7 weeks gestation and stem cells migrate to the bone mar-
row where they continue to differentiate into B cell precur-
sors by 8-10 weeks gestation. The fetal immune system can
mount a humoral immune response by 6-7 months ges-
tation, though the functional capacity of this arm of the
immune response does not reach adult competence until
after 2 years of age. B cell maturation continues in the bone

marrow throughout life, although only a small fraction of B
lymphocytes leave the bone marrow and circulate in the
peripheral blood. There is an ongoing process to elimi-
nate any B cells with non-functional immunoglobulins or
immunoglobulins that are self-reactive [29, 30, 61].

Immunoglobulins

Neonatal B cells appear to have a similar degree of Ig diver-
sity as adult B cells although there are some heavy-chain
variable regions that are expressed in adults that do not
appear in the neonatal repertoire. Neonatal B cells have
also been shown to undergo somatic mutation at the same
rate as adult B cells [62, 63]. There is a gradual rise in
the serum concentrations of immunoglobulins with age
(Table 1.5) although the repertoire of IgG, especially IgG2a
does not achieve an adult phenotype until after 6-12
months of age [51].

B cells

The phenotype of neonatal B cells, including expression
of surface markers (CD5") may reflect persistence of cells
involved in regulation of the developing immune system.
These CD5™ cells are self-renewing, in contrast to conven-
tional B cells that must be replenished from the bone mar-
row, and often produce antibodies against self-antigens.
Additionally, some neonatal B cells express IgA and IgG on
the cell surface in addition to IgM and IgD, the typical pat-
tern ofadult B cells. The mechanism and significance of this
observation is not known. In most in vitro assay systems,



neonatal B cells differentiate into plasma cells that secrete
IgM, but not into plasma cells that secrete IgA or IgG. As
fetal B cells can be driven to efficiently class switch and
make IgG and IgA when provided with T cell help (CD40
ligand) and the appropriate cytokines, the limitation in the
capacity of neonatal B cells to produce these isotypes most
likely reflects the lack of appropriate T cell help to B cells
(discussed above), rather than an inability of B cells to class
switch [64, 65].

B cell response to specific antigens

In general, responses to antigens that need T cell help
mature faster than the responses that occur independent
of T cells. Infection or immunization of neonates with pro-
tein antigens (T cell dependent response) generally results
in a protective immune response. Infants immunized with
tetanus, diphtheria, polio vaccines are protected against
infection. Although the response of neonates may not be as
rapid or robust as older children, there appears to be rapid
maturation of the thymus-dependent phase of the immune
response, in many cases by 2 months of age. The magnitude
and persistence of IgG antibody responses to protein anti-
gens approaches adultlevels after 1 year ofage [51]. While T
cell dependent immunity rapidly matures postnatally, the
response to polysaccharide antigens such as those from H.
influenzaeor S. pneumoniae (T cell independent antigens)
does not fully mature until 2-3 years of age. The reasons
for this delay may include reduced levels of complement
receptors on infant B cells, low complement activity (C3d),
reduced IgG2a production and immaturity of the splenic
marginal zone [51]. These differences help explain the age-
specific risk for development of invasive disease with these
bacteria.

1.4 Summary

Each component of the immune system matures from con-
ception to adulthood. Some of the components function at
adult levels at the time of birth, while others do not fully
mature until late childhood. Many factors contribute to the
observed immaturity of the developing immune system,
including an inability to mount an appropriate antibody
response to vaccines, slower institution of antigen-specific
immunity, lower levels of some immune-activating sub-
stances, and no previous exposure to certain antigens. An
awareness of the developmental differences that exist in
the various components of the immune system in normal
children is key to the understanding of the natural course
of HIV infection in children.
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2.1 Introduction

The molecular details of the HIV replication cycle largely
determine the pathogenesis of the diseases caused by HIV
and constrain the possible therapeutic strategies. Optimal
diagnosis, assessment, and treatment of HIV infection in
children thus require knowledge of the viral replication
cycle, the viral targets affected by the antiretroviral agents,
and the components of the virus detected by the tests used
to manage the disease.

2.2 (lassification and origin of HIV

HIV-1 is a member of the Lentivirus genus of retroviruses
(reviewed in [1]). The virus is believed to have entered the
human population in Africa about 70 years ago [2], prob-
ably as humans hunted and butchered chimpanzees for
“bush meat” [3]. The animal virus most closely related
to HIV-1, a simian immunodeficiency virus (SIV) desig-
nated SIV¢py, is found in chimpanzees, and certain chim-
panzee populations continue to harbor large numbers of
retroviruses [4]. HIV-2, a less pathogenic relative of HIV-1,
infects some human populations in western Africa, with a
relatively small number of cases in other parts of the world
[5]. HIV-2 is believed to derive from an immunodeficiency
virus that infects monkeys. The closest relative to HIV-2
is a simian immunodeficiency virus, SIVgmy, with SMM
denoting sooty mangabey monkey. HIV-2 has some bio-
logical properties that distinguish it from HIV-1, and the
disease caused by HIV-2 differs from the disease caused
by HIV-1. Untreated, HIV-2 disease is generally a much less
fulminant disorder than the disease caused by HIV-1. Some

serological and molecular tests for HIV-1 do not detect
HIV-2 well, unless they are specially modified. The HIV-2
reverse transcriptaseisnotinhibited by thenon-nucleoside
reverse transcriptase inhibitors effective against HIV-1. The
material in this book generally refers to HIV-1, unless oth-
erwise noted, and HIV-1 will usually be referred to simply
as HIV.

Lentiviruses that infect other animals include equine
infectious anemia virus, bovine immunodeficiency virus,
feline immunodeficiency virus, and visna virus of sheep.
Other retroviruses that infect humans include human
T cell leukemia virus 1 (HTLV-1), the infectious agent
implicated in adult acute T cell leukemia/lymphoma,
HTLV-1-associated myelopathy/tropical spastic parapare-
sis (HAM/TSP), and other diseases.

HIV-1 has been phylogenetically divided, using genomic
sequence analysis, into several different clades or sub-
types, designated A, B, C, D, E, E G, H, J, and K [1, 6],
and three groups, the M (main) group, which includes
most of the clades, and the O (outlier) and N (non-M,
non-0) groups. Certain clades predominate in certain geo-
graphical areas. For example, clade B predominates over-
whelmingly in North America, and represents the major
subtype in Europe and Australia. Clade A, which has the
most heterogeneity, predominates in West Africa, while
clade D is the major subtype in Central Africa, and clade
C is principally found in southern and eastern Africa and
the Indian Subcontinent. Clade E is a major subtype in
Thailand and the surrounding area. Some recombinant
viruses exist; clade E may be an example of a recombinant
virus. While the genetic variation among HIV-1 subtypes
may hold greatest interest as a tool to study viral evolution
and epidemiology, there are also some important clinical



implications, particularly for diagnosis and vaccine devel-
opment. Some serologic and molecular assays optimized
to detect and quantify virus of one clade, for example the
clade B that predominates in North America, may not per-
form optimally when used to detect other clades. Immuno-
logic responses aimed at virus of one clade may not affect
virus of other clades, making the development of vaccines
capable of inducing effective immunity to many clades a
challenge.

2.3 HIV virion structure

HIV shares a common structure with other retroviruses
(Figure 2.1) (reviewed in [7]). Table 2.1 lists the proteins
of HIV, the genes that encode the proteins, the function
of the proteins, and whether the proteins have been the
target of antiretroviral drug development. The virion cap-
sid, composed of the viral capsid (CA or p24) protein,
encloses two copies of the RNA that comprises the viral
genome, together with two copies of the viral reverse tran-
scriptase (RT or p66/p51). Within the capsid, copies of
the viral nucleocapsid (NC or p7) protein are complexed
with the viral genomic RNA, via sequence-specific inter-
actions between two CCHC zinc finger domains in NC
and a specific “packaging signal” (also known as a -
site or encapsidation element) (see below), composed of
a particular three-dimensional structure in the viral RNA,
and through non-specific charge interactions between the
negatively charged RNA and region of positively charged
basic amino acid residues in NC. Also within the cap-
sid lie copies of the viral integrase (IN or p31) protein
and copies of the viral protease (PR or pl1), which also
exists in other regions of the viral core. The RT, PR, and
IN proteins of the viral core are derived from the gag-
pol preprotein precursor (Pr160), which is cleaved into its
functional subunits by the viral protease (see below). The
other core proteins are derived from the Gag preprotein
(Pr55).

The outer region of the viral core includes the HIV matrix
(MA or pl17) protein. MA lies on the interior face of the
virion envelope, and is tethered to the interior side of the
envelope through a myristic acid lipid moiety that is cova-
lently attached to a glycine at the N-terminal of MA, and by
hydrophobic interactions.

The virion envelope is a lipid bilayer, derived from the
plasma membrane of the host cell that produced the
virion. Anchored into the lipid bilayer and extending out
into extracellular space are the gp41 transmembrane por-
tion of the viral envelope (or Env) glycoprotein (TM or
gp41). TM associates non-covalentlywith the surface gp120
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Figure 2.1. A schematic diagram of the HIV virion. Individual viral
proteins and their functions are described in detail in the text.
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envelope (Env) glycoprotein (SU or gp120); the envelope
glycoproteins gp120 and gp41 are processed by cellular
proteases from a precursor, gpl60, and are highly glyco-
sylated. The gp120 and gp41 remain non-covalently asso-
ciated with each other after processing from the gp160
precursor. The envelope glycoproteins gp120+gp41 asso-
ciate with each other as trimers on the outer surface
of the virion. The envelope glycoproteins mediate viral
entry and syncytium formation. The gp120 glycoprotein
has both constant (C) regions, in which the amino acid
sequence remains relatively constant from virus to virus,
and variable (V) regions, in which the amino acid sequence
shows greater variability. One of the variable regions, vari-
able region 3 (also known as the V3 loop), can elicit
a strong humoral immune response from the host, but
these antibodies are generally ineffectual in controlling the
infection.

The virion also contains several macromolecules derived
from the host cell, which are incorporated into the virion
during virion assembly and budding [8]. Some of these
macromolecules play crucial roles in the viral replication
cycle. The viral capsid contains cellular lysine transfer RNA
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Table 2.1 HIV viral genes and gene products: existing and potential targets for antiretroviral agents

Viral protein Gene Function Inhibitors
P16 (MA) gag  Matrix protein; lies beneath envelope; Nuclear localization site inhibitors;
targeted to membrane via myristoylation; myristoylation inhibitors; transdominant
recruits envelope into virion; aids in PI negative gag mutants
localization to nucleus
p24 (CA) gag  Capsid protein; viral core
p9 (NC) gag Nucleocapsid protein; interacts with viral RNA  Zinc chelators
via zinc fingers
p6 (NC) gag
Protease (PR) pol Cleaves gag (Pr55) and gag-pol (Pr160) Protease inhibitors
precursor proteins during virion maturation
Reverse pol  Catalyzes synthesis of viral cDNA from viral Nucleoside analogue reverse transcriptase
Transcriptase genomic RNA inhibitors (NRTIs); nucleotide analogue reverse
(RT) transcriptase inhibitors (tenofovir);
non-nucleoside analogue reverse transcriptase
inhibitors (NNRTIs)
Integrase (IN) pol  Catalyzes integration of viral cDNA into host Integrase inhibitors
cell genomic DNA to create provirus
gp120 env  Mediate interaction of virus with CD4 and Chemokine co-receptor inhibitors (e.g.
chemokine co-receptors. Initial steps of viral Schering C and D); binding inhibitors (soluble
binding and entry. CD4)
gp4l env  Integral membrane envelope glycoprotein; Fusion inhibitors (e.g enfuvirtide T-20)
contains fusion domain mediating virion
envelope-host cell plasma membrane fusion
Tat tat  Transactivates viral gene expression; bindsto  Kinase inhibitors (cellular enzyme); small
TAR structure in nascent viral RNA and molecule inhibitors; Tat-TAR interaction
cellular kinase leading phosphorylation of blockers; TAR decoys; antisense oligo
celluar RNA polymerase II, increasing nucleotides; ribozymes, small interfering RNAs
processivity
Rev rev  Mediates nuclear export of singly spliced and  small molecule inhibitors, inhibitors of
unspliced viral RNAs Rev-RRE binding (aminoglycosides); RRE
decoys; transdominant Rev; antisense
oligonucleotides; ribozymes; inhibitors of
nuclear export, small interfering RNAs
Vif vif  Viral infectivity factor
Vpu vpu  gpl60/CD4 complex degradation; CD4
downregulation; virus release
Vpr vpr  Cell cycle arrest; transactivation; ?PIC entry
into nucleus
Nef nef  CD4 downregulation; stimulates cellular

signal transduction pathways

Targets of drugs with current clinical utility (licensed drugs and drugs in advanced clinical development) are shown in

bold.
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Figure 2.2. A schematic diagram of the HIV replication cycle. The features of the viral life cycle are described in detail in the text.

(tRNA-lys), which serves as the primer for reverse tran-
scription by the viral RT from the viral RNA. The virus
contains several host cell proteins, either within the inter-
ior of the virion or embedded in the viral envelope.
Cyclophilin A physically interacts with one of the viral
gag proteins, CA, and appears to be required for viral
infectivity. Other cellular proteins that are incorporated
into the virion include Class I and Class II HLA histo-
compatibility antigens, and the cell adhesion molecules
LFA-1 and ICAM-1. The lipid bilayer of the viral envel-
ope is derived from the host cell plasma membrane,
but the lipids are not completely representative of the
plasma membrane because certain lipids appear to be

preferentially included and others excluded during virion
formation.

2.4 The HIV life cycle

2.4.1 Viral entry into the host cell

Figure 2.2 schematically depicts the HIV life cycle. Infec-
tion begins when the virion envelope glycoprotein gp120
binds the viral receptor, the CD4 molecule on the surface
of the future host cell (reviewed in [9, 10]). CD4 binding
triggers a conformational change in gp120, which facili-
tates gp120’s interaction with a viral co-receptor, generally
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proteins named CXCR4 or CCR5. Co-receptor binding trig-
gers a further conformational change in gp41, the viral
envelope glycoprotein thatisanchoredin theviral envelope
and is non-covalently associated with gp120. The change in
gp41leads to the insertion of an amino-terminal domain of
gp41, the “fusion peptide,” into the future host cell’s plasma
membrane, and to the formation of a specialized structure
in gp41, the “six-helix bundle”, a hairpin-like structure in
gp41, which leads to the close apposition and then fusion
of the viral envelope and host cell plasma membrane,
releasing the viral capsid into the cytoplasm [11]. This viral
envelope-host cell plasma membrane fusion process is
similar to the process used by some other viruses, includ-
ing the well-characterized membrane fusion process used
by influenza viruses [10]. The newly developed antiretrovi-
ral agent enfuvirtide (T-20, Fuzeon), a peptide composed
of 36 amino acids, and related peptides in earlier stages
of development (e.g. T-1249) are homologs of part of gp41
[12]. T-20 binds to one of the helices of gp41, instead of the
other native gp41 helix, preventing gp41 from undergoing
the conformational change and forming the structures that
lead to viral envelope-host cell membrane fusion. Some
small molecule fusion inhibitors are also under develop-
ment. Early attempts to block virus binding employed a sol-
ubleversion of the CD4 viral receptor, with the hope that the
soluble CD4 would bind the viral gp120 envelope protein,
making it impossible for the virus to bind CD4 on potential
host cells. While soluble CD4 can block HIV infection in
vitro, it was not effective clinically. Decreasing the expres-
sion of CD4 on the surface of cells that would normally
support efficient viral replication through, for example, tar-
geting the CD4 messenger RNA for accelerated destruction
by interactions with small interfering RNAs (siRNA) can
also block in vitro infection [13], but the clinical utility of
such approaches, ifany, lies far in the future. Cyanonvirin, a
small protein derived from a cyanobacterium, can inhibit
HIV binding and infection [14]. As a protein, it probably
has little utility as a systemic therapeutic agent, but there is
some interest in developing it for use as a topical virucide
to prevent HIV sexual transmission.

HIV canbedistinguished by its tropism for different types
of host cells (see also Chapter 5), with virus classified as
macrophage-tropic (M-tropic) and T cell-tropic (T-tropic).
The co-receptor that the viruses use determines the abil-
ity of the virus to infect the different cell types. M-tropic
strains can infect macrophages, monocytes, and primary T
cells, but are unable to infect CD4™ T cell lines (reviewed in
[15]). M-tropic viruses use CCR5 as their co-receptor and so
are termed R5 viruses. T-tropic viruses infect CD4™" T cells,
but not macrophages and monocytes. T-tropic viruses use
CXCRA4 as their co-receptor and so are termed X4 viruses.

Some dual tropic (R5X4) viruses also exist. Certain V-
region envelope sequences are associated with viral strains
that are M-tropic or T-tropic; the interactions of the V
regions with the chemokine co-receptors probably mediate
these differences in viral tropism. Most patients are usually
initially infected with R5 viruses. Later in the disease, often
as the amount of circulating virus increases and the CD4*
lymphocyte count declines, the predominant circulating
virus undergoes a shift to X4 virus (see Chapter 5 for fur-
ther details).

The viral coreceptors act, in their native capacity, as
chemokine G protein-coupled receptors. As chemokine
receptors, they transmit signals from the chemokines into
the cell and modify the behavior of the cells via signal trans-
duction pathways, leading to a variety of cellular responses,
including cellular activation and chemotaxis, recruiting
white blood cells to areas of injury and inflammation.

Chemokines named RANTES, MIP1-«, and MIP1-8 bind
CCR5, the co-receptor for M-tropic HIV-1 strains. They
are termed o-chemokines, or C-C chemokines, for the
juxtaposed cysteine residues near their amino termi-
nal end. A chemokine named stromal derived factor 1
(SDF-1) is the native ligand for CXCR4. It is a B- or C-X-C
chemokine, named for the cystein-X-cysteine residues near
the amino-terminal end of the protein. Several other recep-
tors for chemokines can also serve as HIV co-receptors.
These other co-receptors include ones named APJ, BOB
(or GPR15), Bonzo (or STRL33), CCR2b, CCR3, and CCRS.
The pathogenic significance of many of these co-receptors
isunclear, but they may mediate entry of HIV into cells that
do not express high levels of the other co-receptors, such
as certain cells in the central nervous system (CNS), which
may affect the pathogenesis of HIV disease in the CNS.
Chemokine co-receptors were first discovered through
molecular biological techniques in which potential genes
encoding the co-receptors were provided to cells lacking
the co-receptors and the genes that led to the expres-
sion of the co-receptor and enabled fusion to occur were
subsequently identified and sequenced [16]. CXCR4 (also
termed “fusin”) was the first co-receptor identified, and
the identification of other co-receptors quickly followed
[17, 18]. An important hint that chemokine co-receptors
were involved in HIV binding and entry came with the
observation that high concentrations of chemokines, such
as those secreted by CD8* cytotoxic T cells, can inhibit
infection in vitro, presumably by competing with HIV for
binding to the co-receptor or by causing the potential
host cells to down-regulate the amount of CCR5 on their
surfaces [19].

Much recent drug development effort has focused
on these chemokine co-receptors. Some small molecule



competitive inhibitors for chemokine receptor binding
inhibit viral replication in vitro and are currently being
used in early stage human trials, with some preliminary
indications of clinical activity. Small molecule inhibitors
generally target only one of the co-receptors. Examples
of these small molecule co-receptor inhibitors in devel-
opment include AMD-3100, which targets CXCR4, and
Schering-C and Schering-D, which target CCR5 [20]. Inter-
estingly, when the Schering-C and -D compounds were
used in patients, no significant shiftin the co-receptor used
by the patients’ virus, for example from CCR5 to CXCR4,
was observed. Such a shift is a theoretical concern for this
kind of inhibitor because if the virus rapidly shifted co-
receptor usage, the utility of the drug would be limited, and
because X4 viruses have been associated with increased
pathogenicity (see Chapters 3 and 5). There were some indi-
cations of a shift from CXCR4 to CCR5 co-receptor usage in
patients treated with AMD-3100.

Some naturally occurring mutations in the viral co-
receptors illustrate their key role for viral replication. Indi-
viduals with mutations in their co-receptor genes are
less likely to become infected with HIV and HIV-infected
patients with certain co-receptor mutations tend to have
slower disease progression. Some of the HIV-infected
patients known as “long-term non-progressors” have co-
receptor mutations. For example, some of these long-term
non-progressors are heterozygous or homozygous for a 32
base pair deletion in the CCR5 gene (A32CCR5) [21, 22].
The A32CCR5 does not localize to the cell membrane, so
it cannot function as a co-receptor for HIV entry. Cells
with the A32CCR5, however, are not resistant to infec-
tion with T-tropic viruses, since they use the CXCR4 co-
receptor. The observation that persons homozygous for
the A32CCR5 mutation are highly resistant to initial infec-
tion supports the model that M-tropic viruses using CCR5
as their co-receptor may be the primary mediators of HIV
transmission. Interestingly, individuals with the mutation
exhibit no discernible deleterious phenotype. Mutations in
the promoter of the CCR5 genes that decrease expression
are also seen in long-term non-progressors [23] (see also
Chapter 5).

2.4.2 Reverse transcription

After entry, the viral capsid undergoes an incompletely
characterized “uncoating” process, releasing the RNA
genome, associated with proteins and the tRNA that
will prime reverse transcription, into the cytoplasm. RT,
encoded by the pol gene, catalyzes reverse transcription,
the process through which a cDNA copy of the viral genome
is produced, prior to the transit of the viral cDNA to
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the nucleus and integration of the cDNA into the host
genome as a provirus (Figure 2.2). RT consists of two sub-
units p51 and p66, the catalytic subunit, which dimerize
to form the functional enzyme. Many effective, licensed
drugs target RT, including the nucleoside (or for tenofovir,
nucleotide) reverse transcriptase inhibitors (NRTIs), and
the non-nucleoside reverse transcriptase inhibitors (NNR-
TIs). (The process of reverse transcription, the structure
and enzymology of RT, and the mechanisms of action of
RT inhibitors are described in greater detail in Chapter 21.)

The HIV RNA genome begins at the 5 end with a
sequence termed the “R” (for repeat) region, followed by
the U5 (5" unique) region, the sequences encoding the
viral proteins and, at the 3’ end, the U3 (3’ unique) region
and another copy of the R region (Figure 2.3) (reviewed in
[24]). Using a cellular lysine tRNA molecule carried within
the capsid as a primer, the HIV RT synthesizes a minus
strand DNA molecule complementary to the plus sense
RNA template [25]. Synthesis begins in the 3’ end of the U5
region. When RT reaches the 5’ end of the RNA template,
it stops, having produced a short DNA known as “minus
strand strong-stop” cDNA. RT’s RNase H activity partially
degrades the original RNA template, releasing the minus
strand strong-stop cDNA. This minus strand strong-stop
cDNA then moves to the 3’ end of the viral RNA, where
it hybridizes to the complementary R region in the LTR,
and RT continues the synthesis of the rest of the minus
strand cDNA. Then, through a complicated process that
involves strand transfers, and a switch in templates from
the genomic RNA to newly synthesized cDNA, RT com-
pletes the synthesis of the cDNA. The finished double-
stranded cDNA version of the viral genome has two long
terminal repeats (LTRs) at either end of the genome. Each
LTR consists of the repeated versions of the U3, R, and U5
regions (Figure 2.3).

Reverse transcription constitutes one of the defining fea-
tures of the retroviridae. RT catalyzes an essential step in
the retroviral life cycle and so has been a target for drug
development since HIV was first identified. Originally pro-
duced as antineoplastic agents, the NRTIs were the earliest
drugs for HIV. Following uptake by the cells, NRTIs are con-
verted to the active triphosphate form by cellular kinases
and the triphosphate-NRTIs can then compete with native
nucleotide triphosphates for use by RT. When RT incor-
porates the NRTIs into the cDNA, no further nucleotides
can be incorporated into the lengthening cDNA, causing
a prematurely truncated cDNA. The NRTIs stop the grow-
ing cDNA chain because, in the NRTIs, the ribose 3'-OH is
replaced by another group incapable of forming a covalent
bond with the next nucleotide (Figure 2.4). These drugs
are therefore termed “chain terminators.” In the case of
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zidovudine (ZDV or AZT) the 3'-OH is replaced by an azido
group. In the case of dideoxyinosine (didanosine, ddl),
dideoxycytosine (zalcitabine, ddC), and stavudine (d4T),
the 3’-OH group is replaced by a hydrogen. In 3’ thiacyti-
dine (lamivudine, 3TC), the 3’ carbon or the ribose ring is
replaced by a sulfur atom, with a single hydrogen in place
of the hydroxyl group. Tenofovir has slightly different prop-
erties. It is a monophosphate analogue of adenosine. As an
analogue of the monophosphate, it bypasses the first phos-
phorylation step catalyzed by cellular kinases. The kinase
activity is decreased in resting cells, so tenofovir may have
certain advantages for blocking HIV replication in these
cells.

The other class of RT inhibitors is the non-nucleoside
RT inhibitors (NNRTIs). There are currently three licensed
NNRTIs, efavirenz, nevirapine, and delavirdine, and more
are under active development. NNRTIs act via a mech-
anism distinct from that of the NRTIs. NNRTIs bind a

hydrophobic pocket near the active site of the enzyme
in the p66 subunit of RT, inhibiting RT. (The process of
reverse transcription, the detailed mechanism of action of
the NNRTIs and the mutations that confer resistance to the
NNRTIs are discussed in more detail in chapter 21.)

RT is an enzyme with “low fidelity.” It inserts the wrong
base (termed “misincorporation”) in the growing cDNA
chain every 1 per 1700 to 1 per 4000 bases. In the presence
of suboptimal drug concentrations, viral replication can
continue. With continued viral replication, some mutant
virus will be produced due to misincorporation, and some
of the mutations can confer resistance against antiretrovi-
ral drugs (see Chapter 21). Because of the very high rates
of viral replication and the large amounts of virus seen in
infected patients (see Chapter 5), resistance can emerge
rapidly, particularly for drugs for which only a single base
change in the viral genome confers very high-level resist-
ance, such aslamivudine or the currently available NNRTIs.
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Figure 2.4. The mechanism of action of the nucleoside analogue
HIV reverse transcriptase inhibitors. Chain termination occurs
when another deoxynucleoside triphosphate cannot add on to
the growing viral cDNA.

In fact, due to the high mutation rates and the very large
amountofreplicatingvirus, patients mayhave atleastsome
small amounts of mutant virus present even before begin-
ning to take an antiretroviral agent (see also Chapter 5) The
concurrent use of combinations of multiple antiretrovirals
that each requires a distinct set of mutations for resistance
maximizes the effectiveness of therapy and makes it much
less likely that a patient will develop resistant virus.

2.4.3 Nuclear localization and entry

Some retroviruses, such as murine leukemia virus, can
only infect dividing cells. HIV, however, can infect both
rapidly dividing cells and such terminally differentiated
cells as macrophages, and quiescent (non-dividing) CD4*
T cells. The quiescent CD4™ T cells may make up a large
fraction of the cells in a patient infected by HIV and HIV’s
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ability to infect these quiescent cells may help account for
its pathogenicity. HIV’s ability to infect these cells depends
on its ability to transport the viral cDNA and associated
viral proteins to the nucleus, and to enter the nucleus. After
reverse transcription, the newly synthesized cDNA exists
in close association with several viral proteins, including
IN, RT, MA, and NG, the viral accessory protein Vpr, and
host cell proteins Ku, INI 1, and HMGal (or HMG I(Y)),
to form the pre-integration complex (PIC) [26-28]. Some
of the components of the PIC, such as IN, which catalyzes
integration, are clearly essential for the later steps in the
viral replication cycle. Others, such as the cellular proteins,
may not be essential, but increase the efficiency of the later
steps. Following reverse transcription, the cellular micro-
tubule and dynein machinery transports the PIC to the
periphery of the nucleus, probably with help from Vpr [29].

Once transported to the vicinity of the nucleus, the PIC
interacts with the nuclear membrane, an interaction medi-
ated at least partly by Vpr docking with a host cell nucleo-
porin protein, hCG1 [30], leading to the entry of the PIC
into the nucleus.

2.4.4 Integration

After the PIC has entered the nucleus, the HIV cDNA
integrates into the host cell genomic DNA in a fashion that
is not strictly sequence-specific, but may preferentially tar-
get regions of the host cell chromosomes that hold genes
that are actively being expressed [31]. Soon after reverse
transcription, IN first generates a preintegration form of
the viral cDNA by removing two or three bases to leave a
recessed 3’ end. Later, in the nucleus, IN cuts the cellular
genomic DNA leaving 5 overhanging ends. The enzyme
joins the ends of the cDNA and the cellular DNA, in a pro-
cess called strand transfer, with IN and cellular enzymes
filling in the gaps, leaving the integrated provirus flanked
by 5 bp direct repeats derived from the cellular genomic
DNA and the dinucleotides TG at the 5’ end and CA at the
3 end [32, 33].

The other proteins in the PIC help facilitate integra-
tion. For example, one form of the NC protein, the p9
form, enhances the integration in an in vitro model of HIV
integration, perhaps by directing the IN protein away from
inappropriate sites on the HIV cDNA [34], suggesting that
correct and efficient integration of the HIV cDNA must be
carefully directed for optimum integration efficiency.

Since integration and formation of the provirus is an
essential feature of the retroviral life cycle and since IN is
an essential enzyme in HIV replication [35], IN is a very
attractive target for drug development [36, 37]. The tar-
get is a challenging one, though, because integration is a
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Figure 2.5. Phases of HIV gene expression. Initially, only small
amounts of transcription occur and only small quantities of short,
multiply spliced viral messages encoding the viral regulatory
genes Tat and Rev and the accessory gene Nef are exported to the
cytoplasm. When the HIV promoter is activated, more messages
are produced and sufficient Tat protein returns to the nucleus to
produce a large increase in viral gene expression. Later, when
sufficient quantities of Rev are present in the nucleus, the longer
singly spliced and unspliced messages encoding the viral
structural proteins and comprising the viral genomic RNA are
exported to the cytoplasm.

single event that must be completely inhibited for a drug
to be judged effective. Nevertheless, several IN inhibitors
are in development, including the promising diketo acid
class of IN inhibitors, which inhibit strand transfer [38, 39],
and which are currently in early stage clinical trials.

2.4.5 Control of viral gene expression

After integration into the host cell’s genomic DNA, the HIV
provirus behaves, in many ways, as an activatable host
cell gene [40]. It can either remain relatively quiescent,
directing the production of few transcripts, without rapid

progression to a fully productive infection, or it can begin
to generate a larger quantity of viral RNAs that lead to the
completion of a productive viral replication cycle. Some
of the factors controlling the switch between latency and
lytic infection have been described. In vitro, treatment of
infected cells with agents that profoundly activate host cell
signal transduction pathways, such as phorbol esters, or
that alter histone acetylation, such as butyrate [41, 42], or
with certain cytokines, such as IL-2, can kindle the com-
pletion of a lytic infection cycle in latently infected cells
via effects on common signaling pathways often acting
through NF-kB [43] (see below). However, the detailed pro-
cesses that determine the switch between latent and lytic
infection in an infected patient remain obscure. The main-
tenance of latency is clearly an important feature of HIV
pathogenesis; the continued presence of large reservoirs of
latently infected cells, some in so-called sanctuary sites, is
one of the major barriers frustrating the development of a
cure for HIV infection (see Chapter 5).

During the progression through the lytic infection cycle,
HIV regulates its gene expression at transcriptional and
post-transcriptional levels in a tightly controlled, tem-
porally dependent pattern consisting of three phases
(Figure 2.5). In the initial phase, only low levels of full-
length transcripts are produced because the transcription
complex that assembles on the LTR, the HIV promoter,
leads the cellular RNA polymerase II to transcribe the HIV
RNAs in a highly non-processive fashion: few full length
transcripts are produced. The few full length transcripts
that are produced are retained in the nucleus until they
undergo several splicing reactions and are then exported
to the cytoplasm. These short transcripts encode only the
viral regulatory proteins, notably Tat. In the second phase,
the viral regulatory protein Tat, together with cellular fac-
tors, transactivates the transcription of the viral genes, lead-
ing to a dramatic increase in viral gene expression. In the
third phase, another viral regulatory protein, Rev, medi-
ates the export from the nucleus of unspliced and singly
spliced RNAs, which encode the viral structural proteins.
The full length, unspliced RNAs also constitute the viral
genomic RNAs that will be incorporated in the progeny
virions.

Regulation of transcription from the HIV LTR by cellular
factors

After proviral integration, the initial production of viral
mRNAs is mediated by the cellular transcriptional machin-
ery. The 5’ LTR of the HIV provirus constitutes the viral
promoter. It contains several regulatory sites homologous
to the regulatory sites in cellular promoters (Figure 2.4)
[40, 44]. Some of these sites play a significant role in



regulating the basal level of HIV expression in lympho-
cytic cells [45], while others may modulate expression in
different cell types [46]. Some of the regulatory sequences,
while homologous to well-known sequences in some cel-
lular genes, may have a less significant effect on HIV
gene expression. The regulatory sequences that are criti-
cal for fully functional HIV gene expression are the TATA
and Spl sequences [47-49]. Mutation or deletion of these
sequences markedly decreases basal viral gene expression
and can cripple viral replication. Mutation or deletion of
the NF-kB sequences decreases the basal level of expres-
sion and abolishes the ability of the viral promoter to
respond to stimulatory signals, such as treatment of the
host cell with inflammatory cytokines or phorbol esters.
Viruses with mutations in these sequences have substan-
tially reduced replication. The TATA sequence lies just
5" of the transcription initiation site. The TATA element
serves as site of assembly for the transcription machin-
ery, including various transcription factors and RNA poly-
merase II, the enzyme that catalyzes the synthesis of the
viral RNA from the integrated proviral cDNA template.
Three Sp1 sites lie just upstream from the TATA sequence
and, like TATA, are required for wild-type levels of viral gene
expression.

HIV clearly requires that the correct, wild-type amounts
of all its RNAs be expressed for effective viral replication
to proceed. When one or another viral RNA species are tar-
geted for destruction, forexample by shortinterfering RNAs
(siRNAs), short double-stranded RNAs that lead the cell
to destroy RNAs with homologous sequences, HIV repli-
cation is diminished [13]. HIV replication is also inhibited
when HIV RNAs are targeted in other ways, for example by
ribozymes, RNAs which have enzymatic activity and can
cleave target RNAs in a sequence-specific fashion [50], or
by antisense oligonucleotides, oligonucleotides which are
complementary to the targeted RNA and can specifically
base pair with the sequence [51]. However, most of these
strategies have only been effectively demonstrated in vitro.
They all require that the RNAs be introduced into the host
cell, either by treating the cell with an agent that causes the
RNAs (or a plasmid that can cause the cell to produce the
RNAS) to be taken up into the cell, or by genetically altering
the cell so that it produces the RNA. Using a gene therapy
approach to genetically altering cells such that they pro-
duce such RNAs can render the cells resistant to infection,
astrategy sometimes termed “intracellularimmunization.”
However, with increased concerns surfacing about gene
therapy there has been somewhat less recent interest in
such approaches to antiretroviral therapy and the general
clinical applicability of such approaches, if they ever arrive,
probably lies far in the future.
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The NF-«B sites in the HIV LTR respond to a wide variety
of signals, leading to increased viral gene expression. The
signals can include cytokines that activate T cells, such as
TNF-a or IL-1. The transcription factor NF-kB is typically
a dimer consisting of two subunits, p50 and p65. NF-«xB
exists in the cytoplasm in a complex with its inhibitor, IkB
[52]. IxB acts to retain NF-«B in the cytoplasm, preventing
its transit to the nucleus and so preventing it from acting as
a transcription factor, for example mediating an increase
in transcription from the HIV LTR. Many stimuli, such as
cytokines and growth factors, can induce the phosphory-
lation of IkB, which leads to its dissociation from NF-«B,
which is then free to enter the nucleus where it can bind
to its target sequences, stimulating transcription of genes
whose promoters contain those sequences, including the
HIV LTR.

Sequences 5 to the TATA, Spl, and NF-kB sites can
affect HIV gene expression, but their exact function is less
clear because they do not make as dramatic a contribution
to expression from the HIV LTR. However, some of these
sequences at the 5" end of the LTR are critically important
for maximal LTR expression in certain nonlymphocytic cell
types [53].

Sequence-specific cellular DNA binding proteins play
a key role in regulating expression from the integrated
provirus, but expression is also influenced by other factors.
One of the more important factors influencing HIV gene
expression appears to be chromatin structure. The loca-
tion and acetylation state of the histones that organize the
DNA into chromatin also play an important part in regulat-
ing expression from the integrated provirus [54, 55]. Alter-
ing the state of histone acetylation, either non-specifically
or through specific histone deacetylase inhibitors [42] can
greatly increase expression from the HIV LTR. Histone
acetylation has important effects on both the basal pro-
moter [55] and in Tat-mediated transcription from the
LTR [56].

Regulation of transcription by Tat

Transcription from the LTR initially leads to the appearance
of short (2 kb) RNA transcripts. These short transcripts are
the product of multiple splicing reactions acting upon the
full-length transcribed HIV RNA because, in the absence of
Rev (see below), the full-length transcripts cannot leave the
nucleus. The shorttranscripts encode three viral gene prod-
ucts, Tat, Rev, and Nef. Tat produces a dramatic increase
in expression from the HIV LTR. Rev regulates HIV gene
expression post-transcriptionally, by controlling the export
of HIV RNA from the nucleus. Nef has a variety of effects on
the virus and the host cell (see below).
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Figure 2.6. TAR, Tat, and associated cellular factors. Tat binds to
the ‘bulge’ region of the stem-loop-bulge structure in the TAR
RNA. The cellular protein cyclin T interacts with Tat and with the
TAR loop region. The cellular kinase cdk9 interacts with cyclin T
and then goes on to phosphorylate the C-terminal domain of
RNA polymerase II, greatly increasing the processivity of the
polymerase, causing a large increase in the expression of the
viral RNAs.

Tat acts mainly by binding to a distinctive stem-
loop-bulge RNA secondary structure, termed the trans-
activation responsive (TAR) region, in newly transcribed
HIV RNAs (Figures 2.3 and 2.6), and, by recruiting cellu-
lar factors, causes a change in the characteristics of the
cellular RNA polymerase II that transcribes the viral RNAs
from the HIV proviral template [57, 58]. In the absence of
Tat, RNA polymerase II stalls soon after beginning tran-
scription, producing extremely short transcripts that con-
sist of little more than the TAR region. A small number of
complete transcripts are made and are spliced down to
the small 2 kb size, exported from the nucleus, and trans-
lated into protein, including Tat, which can return to the
nucleus (Figure 2.5). If the transcription from the LTR is
sufficiently active, for example if the cell has been exposed
to inflammatory cytokines, there will be enough tran-
scription for Tat and the TAR-containing transcript to be

present simultaneously. With both Tat and TAR-containing
RNAs present, Tat binds to the bulge in TAR [59], and
then recruits a complex of additional cellular factors called
P-TEFDb (or TAK, Tat-associated kinase), consisting of the
cellular protein kinase CDK9 (also known as PITALRE) and
cyclin T [60-62] (Figure 2.6). Cyclin T binds to the TAR loop
structure and CDK9 binds to cyclin T. The CDK9 recruited
into the complex by Tat can then phosphorylate the
C-terminal domain of the RNA polymerase II that is in the
transcription complex assembled on the LTR. Phosphory-
lation of RNA polymerase Il makes the enzyme much more
processive [63]. Instead of the extremely short, stalled tran-
scripts, the enzyme continues down the length of the provi-
ral template, catalyzing the production of full-length viral
RNA. In some circumstances, cyclin T1 appears to interact
directly with the LTR through Sp1, leading to an increase
in expression from the HIV LTR [64], an activity that may
contribute to basal, non-Tat-stimulated LTR-mediated
transcription.

Tathas principally been considered a gene product thatis
produced within acelland acts within thatsame cell, but Tat
can be secreted from infected cells and taken up into cells
when present in the extracellular environment. Secreted
and extracellular Tat, acting in a paracrine fashion, can have
a variety of effects upon cells [65-67], some of which may
make a significant contribution to the pathogenesis of HIV
disease.

Inhibition of Tat activity is another potential target for
drug development. Tat is essential for efficient viral repli-
cation. An early small molecule Tat inhibitor proved clini-
cally useless, but interest in Tat as a drug development
target continues. Instead of targeting Tat itself, another
approach could involve the development of small molecule
inhibitors that block the interaction of Tat and TAR [68].
In vitro experiments have shown that inhibitors directed
at cdk9 can block Tat activity and inhibit viral replication
[69]. Such strategies aimed at the cellular functions essen-
tial for viral replication remain intriguing potential thera-
peutic targets that have not yet been exploited clinically,
but the inhibition of cdk9 represents an interesting exam-
ple of the approach. Although targeting cellular functions
may be difficult because it may be hard to develop an
inhibitor against important cellular functions that would
have an acceptable therapeutic index and toxicity profile,
targeting cellular functions may have some advantages. For
example, evolution so as to no longer require an important
cellular partner may represent a more formidable evolu-
tionary barrier for the virus than simply acquiring a single
mutation that changes one amino acid to another that pre-
vents a small molecule inhibitor from effectively blocking
the active site of a viral enzyme. Approaches to targeting



Tat itself have included “TAR decoys,” RNA structures that
mimic TAR and bind Tat, making Tat unavailable to the TAR
in the viral messages, antisense oligonucleotides, which
interfere with the formation of the TAR structure, siRNA
(see above), and ribozymes, but these approaches would
probably involve gene therapy.

Post-transcriptional regulation of gene
expression by Rev
After Tat increases viral gene expression, the long tran-
scripts are subsequently processed into three distinct HIV
mRNA species: unspliced, singly spliced, and multiply
spliced messages with sizes of 9 kb, 4 kb, and 2 kb (Figure
2.5). As noted above, the 2 kb messages encode the viral
regulatory genes, whereas the longer messages encode the
viral structural genes and constitute the viral genomic RNA.
Rev controls the switch from the early pattern of viral gene
expression in which the multiply spliced 2 kb messages
are expressed to the late pattern of viral gene expression in
which thelonger messages are expressed (reviewed in [70]).
Revregulates this switch at a post-transcriptional level [71-
73]. These broadly characterized classes of messages can be
further subdivided into many additional message species
because the virus makes use of many alternative splice sites
that give rise to many species of viral messages [1, 74].
Transcription from the integrated HIV provirus produces
a full length HIV RNA. The HIV RNA is subject to com-
plicated splicing reactions. If the introns are not spliced
out of the RNA, the messages are not readily exported
from the nucleus and the 4 kb and 9 kb singly spliced and
unspliced messages tend to be retained within the nucleus.
Revenables the export of these singly spliced and unspliced
messages from the nucleus. The HIV RNA contains a 250-
bp region within the envelope coding sequence that can
form a complicated stem-loop secondary structure called
the Rev-responsive element or RRE. Rev binds a “bubble”
of unpaired RNA in the middle of the RRE. Multiple copies
of Rev (as many as eight) bind to the RRE in a cooperative
fashion, and when the RRE binds sufficient quantities of
Rev, Rev and the longer unspliced messages bound to Rev
leave the nucleus. In the absence of Rev, the longer mes-
sages are retained within the nucleus, and are subjected to
the splicing reactions that produce the short messages.
Rev has two regions, one that determines nuclear local-
ization and binds RNA via an arginine-rich domain, and
another region that mediates nuclear export of Revand the
HIV RNA bound to Rev [75-77] (Figure 2.7). Rev-mediated
export of the viral RNAs begins with the binding of multiple
Revs to the viral RNA RRE. Rev, with the bound HIV RNA,
binds to a cellular protein called CRM1, and the CRM1 in
the complexbindsin turn to another cellular protein, Ran, a
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Figure 2.7. Rev and the export of HIV RNA from the host cell
nucleus. Singly spliced and unspliced HIV RNAs are exported
from the host cell nucleus via a specialized host cell nuclear pore
apparatus, after Rev binds to the RRE sequence in the HIV RNA.
See text for details.

small GTPase, but only when Ran has bound GTP (this form
is called Ran-GTP) [78, 79]. This complex interacts with the
nuclear pore and is translocated into the cytoplasm. In the
cytoplasm two proteins, Ran GTPase activating protein 1
(Ran GAP1) and Ran binding protein 1 (Ran BP1) leads to
the hydrolysis of the GTP bound to Ran, which in turn leads
to the dissociation of the complex bound to the HIV RNA,
freeing the long HIV RNA for translation or incorporation
into virions as viral genomic RNA [80]. The transport out
of the nucleus is thus driven by the high energy phosphate
bond in the GTP bound to Ran. After discharging its bound
HIV RNA, Rev re-enters the nucleus by binding to a cellu-
lar protein called importin-f via Rev’s nuclear localization
signal [81]. Importin-B interacts with the nuclear pores,
resulting in the translocation of Rev bound to importin-
B back into the nucleus. In the nucleus, Rev is freed from
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importin-B via another interaction with RanGTP, allowing
Rev to bind new molecules of the HIV RNA to start the
cycle again. In a sense, Rev and the attached HIV RNAs are
exported out of the nucleus down a RanGTP gradient.

Rev is clearly essential for HIV replication. It is an invit-
ing, but as yet relatively unexploited target for antiretrovi-
ral drug development. Some small molecules have been
shown to inhibit Rev activity in vitro, including small
molecules, such as certain aminoglycoside derivatives, that
inhibit the interaction of Rev and the RRE [82]. No small
molecule inhibitors of Rev function have yet entered clin-
ical development, and targeting the general features of
nuclear export and splicing would likely prove quite toxic to
uninfected cells, since they also rely on the nuclear import
and export apparatus to move macromolecules into and
out of the nucleus. Some Rev mutants have been devel-
oped that can inhibit Rev function even when present
together in a cell with a wild-type version of Rev. When
introduced into a cell, these “transdominant negative” Rev
mutants inhibit Rev activity and block viral replication [71,
76]. Transdominant negative Rev mutants may constitute
another approach to the development of an intracellular
immunization strategy to block HIV replication, but suffer
from the same potential problems as other gene therapy
strategies aimed atinhibiting HIV replication. A small clini-
cal trial showed that inclusion of a transdominant negative
Rev mutant in CD4* lymphocytes given to HIV-infected
patients prolonged the survival of the lymphocytes [83],
but further work has not been reported.

2.5 Translation of structural (late) viral messages
and post-translational modification of the late
viral proteins

After Rev directs the change from the early pattern of viral
gene expression to the late pattern of viral gene expres-
sion with the production of the long singly spliced and
unspliced RNAs, the messages that encode the viral struc-
tural and enzymatic proteins become available in the cyto-
plasm (Figure 2.5). A Gag preprotein, Pr55, and a Gag-Pol
fusion preprotein, Pr160, are translated from the full-length
9 kb RNA. Certain transdominant negative gag mutants
have been identified.

The structural components of the viral capsid, p16 (MA),
p24 (CA), p9 (NC), and p6 (NC) are first translated in the
form of the Pr55 preprotein, which is subsequently cleaved
by the viral protease to form the four proteins during virion
maturation. The Gag-Pol fusion protein is also cleaved dur-
ing virion maturation to form the products of the pol gene:
RT, IN, and PR.

HIV uses translational mechanisms to regulate the rela-
tiveamounts of gag- and pol-derived protein production. In
the HIV virion, there are more gag-derived structural pro-
teins than there are pol-derived enzymatic proteins. The
virus must modulate translation from the same RNAs so as
to produce the optimal ratio of the different protein species.
The full-length 9 kb RNA contains two translational read-
ing frames. One reading frame encodes the Pr55 prepro-
tein for the gag-derived proteins. A second reading frame,
which overlaps the Pr55 reading frame by 200 bp, encodes
the Gag-Pol preprotein, Pr160, the precursor for the pol-
derived proteins. Translation from the first reading frame
is more efficient than translation from the second. The
ribosome must shift reading frames for the second read-
ing frame to be translated, a shift that occurs at a UUUU-
UUA tract in the viral RNA, to ensure the production of the
correct ratio of the Gag and Gag-Pol preproteins.

The 4 kb RNA encodes the envelope preprotein gp160
and the HIV accessory proteins Vpr, Vpu, and Vif. gp160
is translated in the rough endoplasmic reticulum (RER).
gp160 is glycosylated and transits through the Golgi com-
plex, and is cleaved by cellular proteases of the furin family
to form gp41, which remains anchored in the membrane,
and gp120, which remains noncovalently associated with
gp41 [84, 85]. The pattern of glycosylation may help to influ-
ence coreceptor usage by the virus [86]. From the Golgi,
gp120/gp41 moves to the external cell surface, anchored
in the host cell plasma membrane, where it awaits virion
assembly and budding. Envelope protein processing is
another critical step in the viral life cycle. If gp160 pro-
teolytic processing is blocked, no infectious virus is pro-
duced. While blocking cellular proteases may be an attract-
ive target, producing a drug with an acceptable therapeutic
index may be difficult given the widespread involvement of
the furin family of proteases in normal cellular physiology.

The glycosylation of the viral envelope glycoprotein also
appears to be essential for viral pathogenicity, although
perhaps not for viral replication in vitro. Critical, conserved
sites, such as the receptor binding sites in the glycosy-
lated proteins, appear to be masked in some way from the
host immune response [85]. When the glycosylation sites
in the envelope protein are deleted, the envelope glyco-
proteins become much more immunogenic, and in simian
immunodeficiency virus (SIV) monkey models, infection
with virus having deleted glycosylation sites produces a
much less pathogenic infection, probably because of the
more effective immune response the host can mount
against theviruslackinga protective cloud of sugarresidues
guarding critical conserved immunogenic sites in the enve-
lope protein [87, 88]. This requirement for intact glycosy-
lation sites may have interesting implications for vaccine



development, but therapeutic strategies involving the inhi-
bition of glycosylation are probably not feasible because
theywould inhibit glycosylation of cellular proteins, a func-
tion critical for the function of many proteins.

In cells expressing CD4, gp160 and CD4 can become
non-covalently associated within the RER during transla-
tion and processing, preventing the appearance of gp120
and gp4l at the surface. There is also evidence that
these gp160/CD4 complexes cause cytopathic effects that
range from disruption of normal ER function to inter-
ruption of normal nuclear transport. The viral accessory
protein Vpu interacts with CD4 in the gp160/CD4 com-
plex and induces its degradation via ubiquitination and
proteosome-mediated proteolysis, a specialized degrada-
tion process that involves tagging a protein for destruction
by the proteosome apparatus with ubiquitin [89]. Gp160 is
thus freed from the complex and can be processed into
functional envelope glycoproteins. This Vpu-stimulated
degradation also results in the downregulation of CD4 at
the host cell surface, which may prevent superinfection of
the host cell [90].

2.5.1 Virion assembly, budding, and maturation

Assembly of immature virions occurs at the interior face of
the host cell’s plasma membrane, where the Gag and Gag-
Pol preproteins assemble beneath the envelope glycopro-
teins [91]. Following translation, Gag preproteins are myris-
toylated on glycine residues at their amino terminal ends:
a fatty acid, myristic acid targets the myristoylated to the
plasma membrane. Other, somewhat less well-described
features of the preprotein amino acid sequence direct the
protein to the plasma membrane, as opposed to other
membranous organelles [92]. Myristoylation inhibitors
have been shown to inhibit HIV replication, but are toxic
to cells because many cellular membrane proteins are
also myristoylated. A membrane binding domain near
the myristoylation domain also contributes to membrane
binding. The Gag preprotein does not bind randomly to
the plasma membrane. Instead, the preprotein preferen-
tially inserts into cholesterol-rich microdomains or “rafts”
in the plasma membrane. The preproteins may individ-
ually insert into small rafts that subsequently assemble
into larger domains that eventually grow to become the
sites where new virions bud out of the host cell mem-
brane [93, 94]. Virion budding through lipid rafts may
represent a mechanism through which the viral envelope
acquires characteristics distinct from its parental plasma
membrane source, including differences in lipid composi-
tion and the selective inclusion and exclusion of host cell
membrane proteins from the virion envelope. Agents that

HIV basic virology for clinicians

33

deplete cholesterol from the plasma membrane, includ-
ing approved agents like simvastatin, decrease virion pro-
duction [93], but cholesterol is an obligatory component
of many membranes and serves other important func-
tions, and lipid rafts have other important roles in cellular
physiology. Inhibiting cholesterol synthesis to the extent
necessary to decrease viral production may well produce
unacceptable toxicities.

The simple association of Gag with the host cell plasma
membrane and insertion of the myristic acid into the lipid
rafts in the host cell plasma membrane is not sufficient
to drive the formation of a functional virion. Many, per-
haps about 1500, Gag molecules must assemble together
so that a functional viral core can eventually be formed. A
cellular protein called HP68, which normally functions as
an inhibitor of the interferon-inducible RNAse L, plays an
important part in assembling together the Gag molecules
and in promoting the formation of a functional viral core
[95].

Other aspects of virion assembly are also mediated by
CA. CA contains a domain that enables Gag to form mul-
timers [96], another that functions in the condensation
of the viral core, and another that binds the host protein
cyclophilin A, which functions as a prolyl isomerase for
host cell proteins [97]. Mutations in the multimerization
domain or the domain involved in core condensation pro-
duce virions with defective morphology. The interaction
with cyclophilin A also appears essential for the formation
of fully infectious virus, perhaps by ensuring that the CA is
optimally folded in the correct tertiary structure within the
virion after the Gag precursor is proteolytically processed
[98].

The viral RNA genome is recruited to the site of virion for-
mation and packaged into virions by interactions with the
Pr55 Gag preprotein [99]. The p9 (NC) region of this prepro-
tein contains the two zinc-finger amino acid motifs (cys-
Xz-cys-X4-his-X4-cys, where Xis any amino acid). These are
characterized as CCHC zinc fingers, which are structurally
distinct from many cellular zinc finger domains, which
also mediate binding of some proteins to nucleic acids, for
example binding by transcription factors. The full-length
genomic RNA contains a packaging signal sequence (or s
site) at the 5’ end of the molecule with a distinctive sec-
ondary structure, which is necessary for RNA packaging.
The sequence is spliced out of the short and intermediate
length viral RNAs, preventing them from being packaged
into virions. The mechanisms through which viral RNAs are
recruited to and packaged into nascent virions is another
target for antiretroviral drug development, some of which
are in early stages of development. These compounds are
zinc chelators, or zinc ejectors. They remove the zinc from
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the zinc finger or NC, which disrupts the structure of the
protein, making it unable to bind the HIV RNA, thus block-
ing the formation of infectious virions [100, 101]. The com-
pounds can selectively target the retroviral zinc fingers,
with little effect on the cellular zinc finger. NC may also
play a part in Gag multimerization.

HIV, like other enveloped viruses, requires that the
progeny virion bud out from the host cell plasma mem-
brane. While the proteins of HIV are essential for budding,
the virus has apparently pirated a cellular pathway, the one
used to form the multivesicular body (MVB), a late endo-
somal compartment [102]. The virus makes use of several
of the components of the MVB formation pathway, such
as the cellular protein Tsgl01, to promote the budding of
the progenyvirions. The eventual budding from the plasma
membrane is aided by an interaction between Gag (the p6
protein) and Tsg101 [103, 104]. Mutant versions of Tsg101
can inhibit virion assembly and so decrease viral replica-
tion. p6 is also responsible for recruiting the HIV accessory
protein Vpr (see below) for incorporation into new viri-
ons. The MA Gag protein has additional functions in virion
assembly. Certain point mutations or small deletions in the
molecule prevent Env from correctly associating with the
assembling viral proteins and being incorporated into bud-
ding virions, implying that gp41, the envelope transmem-
brane subunit, and MA interact in some specific fashion
that promotes Env incorporation into the virion [105].

After budding, the newly formed virion must undergo a
process of maturation involving the proteolytic processing
of the precursor proteins within the viral particle catalyzed
by the viral protease. Virions that have not undergone
maturation via proteolytic processing are not infectious.
During maturation, the viral protease, a derivative of the
Gag-Pol preprotein, cleaves Pr55 (Gag) and Pr160 (Gag-Pol)
proteins, releasing the capsid structural proteins and enzy-
matic pol-derived proteins to produce the final versions of
the proteins that make up the mature virion.

The function of the viral protease is essential for the pro-
duction of viable, infectious viral particles and has there-
fore become a favored target for drug development. HIV
protease inhibitors (PIs) have proved to be a remarkably
effective class of antiretrovirals, providing a key compo-
nent in many highly active antiretroviral therapy regimens.
Resistance to the PIs can develop and is described in more
detail, along with detailed descriptions of the mechanisms
of action of the PIs, in Chapter 21.

2.5.2 HIV accessory proteins

The HIV accessory proteins, Nef, Vpu, Vif, and Vpr, have
important functions in the viral life cycle and can serve
to enhance viral pathogenesis. In vitro, mutations in the

accessory genes do not completely preclude viral replica-
tion but, in vivo, the importance of accessory proteins can
be critical.

Vpu enhances virus production by downregulating the
HIV receptor, CD4, post-translationally, by binding the
cytoplasmic tail of CD4 while CD4 is in the endoplasmic
reticulum (ER) [106]. This prevents Env from being trapped
in the ER in a complex with CD4. Vpu also enhances virion
release via a mechanism that is not well understood [107].

Vif (for virion infectivity factor) appears to be required
in certain cell types, but not others, during the late stages
of infection to insure the production of infectious virus. Vif
is packaged into virions [108]. Some lymphocytes have an
innate antiretroviral activity that can actinadominant neg-
ative fashion leading to the production of non-infectious
virus. Vif acts to suppress this innate antiretroviral activ-
ity. This antiretroviral activity results from a cellular gene,
APOBEC 3G (or CEM15), which inhibits the production of
infectious virus lacking Vif, but has no effect on the pro-
duction of infectious virus that has fully effective Vif [109].
APOBEC 3G inhibits the replication of HIV and other retro-
viruses by deaminating cytosine to uracil in viral minus
strand cDNA. This causes plus strand cDNA permutation
of guanosine to adenine, which inhibits HIV replication.
The cellular protein HP68, which functions in HIV capsid
assembly and maturation (see above) also forms a complex
with Gag and Vif [95].

Vpr has several functions, in addition to its activity in
localizing the PIC to the nucleus and mediating nuclear
import of the PIC (see above), which contributes to HIV’s
ability to infect non-dividing and differentiated cells [110].
Vpr is incorporated in large amounts into virions. Vpr
has a modest ability to increase HIV gene expression and
alters the expression of some cellular genes, acting mainly
through interactions with a cellular transcriptional co-
activator CBP/p300 [111], and also perhaps more indirectly
via its effects on the cell cycle of the host cell. Cells nor-
mally progress through the G, (first gap), S (DNA synthe-
sis), G, (second gap), and M (mitotic) phases. Vpr alters
the progression of the host cell through the cell cycle, caus-
ing the host cell cycle to arrest at the G, phase [112]. Vpr
inhibits the activity of a p34°42-cyclin B kinase complex,
which is required for the cell cycle to progress through G,
to M. By arresting the host cells in the G, phase, Vpr may
increase virion production, perhaps by making more pre-
cursors available for production of the virions. The HIVLTR
may be more active in G,, and so G, arrest may contribute
to Vpr’s ability to increase HIV gene expression. Vpr has
apoptotic activity, via the mitochondria-dependent path-
way. The significance of this for viral replication is unclear.

Nef has several activities during viral replication and
is incorporated into virions. While not required for viral



replication in vitro, Nef is clearly required for the virus to
be fully pathogenic, both in SIV monkey models and in
humans [113]. Some human cohorts infected with Nef-
deleted virus have been described, and they appear to
have decelerated disease progression [114]. Some investi-
gators have proposed that Nef-deleted viruses might con-
stitute potential HIV live virus vaccines, but the utility of
this approach seems low, since Nef-deleted virus is clearly
pathogenic over long periods of time and since Nef-deleted
SIV is pathogenic for newborn monkeys [115]. Nef aug-
ments the infectivity of HIV virions, induces downregula-
tion of cell surface CD4 molecules [116] by targeting CD4 for
incorporation into endosomes through interactions with
a cellular protein, B-COP [117], and interacts with cellu-
lar signal transduction pathways [118]. Nef also decreases
the surface expression of cellular MHC Class 1 molecule
by increasing endocytosis [119], which may decrease the
chance that an infected cell will be attacked by the host
immune system [120].

2.6 Conclusions

Since the discovery of HIV 20 years ago, a notable amount
of basic virological information has been obtained. This
information has yielded a profound understanding of the
pathogenetic strategies of the virus and hasled to the devel-
opment of remarkably effective antiviral agents, agents that
have converted a uniformly fatal disease into a chronic,
though sometimes difficult-to-manage one. The antiviral
agents can block the transmission of HIV from mother to
infant, offering the possibility of saving millions of babies
from HIV infection. A thorough understanding of the basic
features of the HIV life cycle and the mechanisms of action
of the antiretroviral will allow the clinician to better under-
stand the pathogenesis of HIV disease in children and
employ the available antiretroviral therapies more ration-
ally and effectively.
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HIV-1 infection leads to profound immune dysfunction,
resulting in the clinical manifestations of acquired immun-
odeficiency syndrome (AIDS). The damage that HIV-1 does
to the immune system results from the direct, harmful
effects that occur when HIV-1 infects a cell, the effects
that virions and parts of virions have on cells that do not
becomeinfected, and the chronic cell activation thatresults
from infection and the host’s response to infection. Abnor-
mal function of HIV-1-affected cells can then lead to dys-
function of other cell types, since the immune system is
a highly interconnected system. The main target cells of
HIV-1 include cells that are critical in the immune control
of the virus, impairing the ability of the host to mount an
effective immune response.

3.1 Immunopathogenesis

3.1.1 Primary infection

The majority of adult and adolescent HIV-1 infections are
the result of exposure of HIV-1 to mucosal surfaces. This
is likely true also for mother-to-child transmission that
occurs peripartum and during breastfeeding. Studies of
macaques inoculated intravaginally with simian immun-
odeficiency virus, an animal model for HIV-1, demonstrate
the events of primary infection [1]. Dendritic cells, resident
in the mucosa, transport HIV-1 to regional lymph nodes
within 48 hours of exposure. Within the lymph node, CD4*
T cellsbecome infected through interactions with dendritic
cell-associated HIV-1. Subsequently, large numbers of new
virions are produced, and infected T cells and free virus
can be found in the peripheral blood and in lymph tissue

throughout the body approximately 4-11 days after infec-
tion.

In adults, and presumably adolescents, the levels of HIV-
1 found in the circulation increase rapidly over the first
weeks of infection, but then decline dramatically and reach
astable set point at approximately 6 months after infection.
The appearance of HIV-1-specific cytotoxic T lymphocytes
(CTL) in the peripheral blood is temporally correlated
with the initial decline in plasma HIV-1 and may occur as
early as 6 weeks after infection (reviewed in [2]). Cytotoxic
T-lymphocyte responses appear prior to the detection
of neutralizing antibody, suggesting that cell-mediated
responses likely are the key immune activities leading to
suppression of the initial high levels of viremia. Animal
studies using treatments that deplete CD8" T cells have
demonstrated a correlation between the presence of CD8*
cells and increased suppression of viremia [3, 4]. Anti-
bodyresponses capable of neutralizing virus and antibody-
dependent cellular cytotoxicity (ADCC) appear later.

Innate immune responses also contribute to control of
plasma HIV-1 levels. CD8" T cells produce soluble factors
that suppress HIV-1 replication in a non-MCH-restricted
manner [5]. This response does not require prior expo-
sure to generate the response. A major component of these
soluble factors are B-chemokines (RANTES, macrophage
inflammatory protein-1) that compete with HIV-1 for bind-
ing to co-receptors on monocytes and therefore restrict
HIV-1 cell entry [6]. Recently, the alpha-defensins 1, 2, and
3, produced by CD8* T cells, have been determined to be
another important component of the soluble antiviral fac-
tors [7].

The immunologic events of perinatal primary infec-
tion are less well understood and may differ from those



occurring during primary infection in adults. Most infants
reach peak viremia at 1-2 months of life but, unlike adults,
have only minimal declines in plasma virus over the next
several months [8]. Some children with rapid disease pro-
gression have no decrease in viral load over the first year of
life. Children with slow progression generallyhave adecline
in the number of viral copies/mL but usually not more than
0.5-1 logo.

A number of explanations for the absence of a signifi-
cant decline in viral load in some vertically infected infants
have been proposed. Among these is the possibility that
the infant’s immature immune system fails to mount an
effective response in the newborn period. Studies have
demonstrated a delay in the appearance of HIV-1-specific
CTL in perinatally infected infants, with responses infre-
quently detected prior to 6 months of life [9, 10]. Chil-
dren who have survived to age 2 years, have HIV-1-specific
CTLfrequencies comparable with those observed in adults
[11]. The ADCC responses in infants are also less vigor-
ous [12]. Despite the relative deficiency of some HIV-1-
specific immune responses, peripheral blood cells from
some infected infants under 6 months of age will sup-
press the growth of HIV-1 during in vitro culture [13]. This
response may be production of the HIV-1-suppressive sol-
uble factors discussed above. Infants with this activity were
more likely to have slow progression [13].

Another possible explanation for relatively high viral
loads following vertical infection is transmission of virus
thathas mutated to escape the maternal immune response.
Since the infant shares one half of its HLA alleles in com-
mon with the mother, virus thathas adapted to the mother’s
immune response may have fewer epitopes that can berec-
ognized in the context of the infant’s HLA type. Transmis-
sion of this type of escape mutant has been observed [14].
The observation that virus from infants with rapid progres-
sion develop fewer new mutations over time also suggests
that there is less immune pressure on viral replication in
the rapid progressor [15, 16].

3.1.2 Chronic/progressive infection/non-progressive
infection

Despite the presence of HIV-1-specificimmune responses,
HIV-1 continues to replicate, damaging the immune sys-
tem and leading to the immune abnormalities described
below. Lymph nodes during the clinical latency period
harbor actively replicating HIV-1 and large quantities of
antibody-virus complexes bound to follicular dendritic
cells (FDC) in the germinal centers [17]. In vitro studies
show that virus bound by the FDCs is highly infectious for
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Table 3.1 Mechanisms used by HIV-1 to evade
immune responses

Mutations no longer recognized by cytotoxic T
lymphocytes (CTL escape mutations)

Mutations no longer recognized by neutralizing
antibodies (neutralizing antibody escape mutations)

Inherent resistance to neutralization

Downregulation of MCH class I expression (mediated
by viral gene products, e.g. Nef, acting within the
infected cell)

Preferential infection and destruction of HIV-1-specific
CD4™ T lymphocytes

Dysregulation of cytokine production (IL-2, [IFN-vy,
IL-12, IL-10)

CD4™ Tcells [18]. Inadvanced HIV-1 infection, lymph node
architecture becomes grossly abnormal, with completeloss
of the normal germinal center organization. Ongoing viral
replication results in generalized immune activation with
higher levels of programmed cell death and T cell turnover.
There may also be impairment of ability of the thymus
to generate new T cells. Eventually the immune system
becomes unable to respond to infectious pathogens.
HIV-1 infected adults and children can maintain
detectable cytotoxic T cell-mediated immune responses
and HIV-1-specific antibody into advanced stages of
disease. However, HIV-1-specific lymphoproliferative
responses are notably low or absent during chronic, pro-
gressive HIV-1 infection. This may be an indication of rel-
ative deficiency of CD4* helper T cell responses (reviewed
in [2]). Lack of T cell help may lead to defective effector cell
function. High levels of viremia are associated with sup-
pression of HIV-1-specific T cell proliferation by mecha-
nisms that are yet unknown [19]. In addition, CD4" T cells
that are HIV-1-specific are preferentially infected by HIV-1
[20]. Thus, HIV-1 may directly delete some of the T cells
required for generating an immune response against it.
HIV-1 may use other mechanisms to evade the immune
response (Table 3.1). HIV-1 produces mutant virus at a
very high rate, allowing the outgrowth of virus with vari-
ant epitopes that fail to be presented by MHC class I and
thereby escape recognition by CTL (reviewed in [2]). HIV-1-
specific CTL have phenotypes that differ from the pheno-
type of CTL responding to some other chronic viral infec-
tions, raising the possibility that the HIV-1-specific CTL are
not fully functional as mature effectors [21-23]. One virus
protein, Nef, downregulates expression of MHC class I on
HIV-1 infected cells [24]. Expression of MHC class I is criti-
cal for CTLrecognition and killing of infected cells. HIV-1 is
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resistantto antibody-mediated neutralization due to inher-
ent characteristics of the HIV-1 envelope protein (reviewed
in [25]).

A small number of HIV-1 infected adults and chil-
dren have no evidence of disease progression for 10 or
more years, with generally low levels of HIV-1 in plasma.
This course has been termed long-term non-progression
(LTNP). Genetic and viral phenotype factors have been
associated with LTNP. Some patients have had Nef-deleted
mutant virus which may result in a less pathogenic virus
[26]. Mutations in cellular molecules that are important
in the viral life cycle are associated with slower dis-
ease progression (reviewed in [27]). Some HLA alleles
are also associated with slower progression [27]. Patients
with LTNP are more likely to have HIV-1-specific lym-
phoproliferative responses as well as a high frequency of
HIV-1-specific CTLs [2]. Other qualitative aspects of their
immune response may help maintain better virologic con-
trol. Studies of the immune response in the persons with
LTNP raise the possibility that interventions that enhance
the natural HIV-1-specific immune response might render
it more effective and delay disease progression.

3.1.3 Effects of antiretroviral therapy

The possibility that the immune response can be improved
by therapeutic intervention has been supported in trials of
treatment during acute infection of adults. In a small study,
patients initiating HIV-1 treatment in the first weeks after
infection had markedly higher HIV-1-specific lymphocyte
proliferative responses than patients not initiating treat-
ment [28]. Among eight individuals thus treated who have
subsequently interrupted antiretroviral therapy in a con-
trolled fashion, five have maintained viral control off treat-
ment over a period of months and appear to have viral
set-points that are lower than would be expected based on
untreated historical controls. Although the cohort is small
and further controlled studies in larger numbers of subjects
are needed before firm conclusions are possible, these data
are encouraging in that it may be possible to remodel the
immune response.

It is unclear whether this scenario will apply to infants
receiving early treatment. Infants on antiretroviral treat-
ment with successful viral suppression before 3 months
of life do not maintain detectable HIV-1-specific immune
responses [10, 29]. Neither HIV-1-specific cell mediated,
nor HIV-1 antibody responses, are detected when tested
at age 12-15 months. Normal responses to other anti-
gens are found. The infants can generate an HIV-1-
specific response, as interruptions of treatment result in
rapid appearance of HIV-1-specific antibodies [30]. Infants
beginning antiretroviral therapy after 3-6 months have

higher levels of HIV-1-specific CD8* T cell responses and
maintain HIV-1 antibodies (10). Studies of infants who
began antiretroviral therapy during acute infection and
then subsequently stopped antiretroviral therapy have not
been performed.

3.2 Immune abnormalities associated with
HIV-1 infection

Both cell-mediated and humoral immune functions are
affected during HIV-1 infection, placing patients at risk
for a wide variety of pathogens (Table 3.2). (For a descrip-
tion of the normal development of the immune system see
Chapter 1).

3.2.1 Cell-mediated immunity

Cell-mediated immunity primarily defends against intra-
cellular pathogens, notably viral infections, and malignan-
cies. Abnormal cell-mediated immunity in HIV-1-infected
children leads to more severe or recurrent disease from
pathogens such as varicella zoster virus, herpes simplex
virus, cytomegalovirus (CMV), Mycobacterium species, and
Salmonella species. Likewise, lymphomas and certain soft
tissue malignancies are also more common in HIV-1-
infected children. Abnormal cellular immune function also
contributes to abnormal humoral immunity.

3.2.2 Defects in helper T-lymphocyte cell function

The hallmark of HIV-1 disease is a decline in the abso-
lute number and percent of helper T lymphocytes (CD4" T
lymphocytes). The CD4 protein found on the surface of
helper T lymphocytes is used by HIV-1 as a co-receptor for
entry into the cells. As a result, helper T lymphocytes are a
main target of HIV-1 infection. It is likely that both direct
cytopathic and indirect effects of HIV-1 contribute to the
abnormalities in CD4" T lymphocyte function and num-
ber. As the number of CD4" T lymphocytes declines, the
risk of opportunistic infections increases (see Chapters 4
and 5).

Preceding the decline in the absolute number of CD4™ T
lymphocytes, alterations in the helper T lymphocyte func-
tion are observed. A commonly used laboratory marker
of abnormal T-helper cell function is cell proliferation in
response to stimulation. Lymphocytes from asymptomatic,
HIV-1-infected children havereduced proliferation to com-
mon antigenic stimulants (tetanus, diphtheria, Candida)
after the age of 2 years or sooner in symptomatic children
[31]. Astheimmunodeficiency of HIV-1 disease progresses,
reduced proliferative responses to specific antigens are
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Table 3.2 Immunologic abnormalities associated with HIV-1 infection

Cellular
Decreased delayed-type hypersensitivity skin reaction
T-Lymphocytes
Decreased absolute numbers of CD4 positive (helper) T lymphocytes
Increased relative numbers of CD8 positive (killer/suppressor) T lymphocytes
Decreased CD4/CD8 ratio
Decreased numbers of cells with naive phenotype (CD45RA+/CD62L+)
Increased % cells with memory phenotype (CD45RO™)
Increased % CD8 cells with diminished proliferative capacity (CD28~; CD95")
Increased CD8™ T cells with activated phenotype (CD38"/HLA-DR™)
Decreased proliferative responses to antigen and mitogens
Altered cytokine production (see below)
Natural Killer (NK) cells
Decreased number of NK cells (CD16"/CD56%)
Decreased cytotoxic activity
Antigen Presenting Cells (monocytes and dendritic cells)
Decreased stimulation of T cell proliferative response to antigen
Decreased HLA-DR expression
Altered cytokine production
Phagocytes
Monocytes
Decreased clearance of RBC
Decreased Fc receptor expression
Decreased chemotaxis
Decreased intracellular killing
Decreased superanion production
Polymorphonuclear cells
Neutropenia
Increased or decreased chemotaxis
Decreased staphylococcus killing
Increased or decreased phagocytosis
Altered surface adhesion proteins and receptors
Humoral
B lymphocytes
Decreased number of antigen-responsive B cells (CD23*/CD62L+; CD21M)
Polyclonal activation of B cells
Increased spontaneous immunoglobulin secretion from B cells
Decreased immunoglobulin secretion after stimulation of B cells
Increased IgG, IgA, IgM
Specific antibody responses
Decreased antibody response to immunization: hepatitis B, HIB conjugate, measles, influenza
Declining antibody titers to prior immunization: diphtheria, tetanus, Candida, measles
Cytokines
Decreased production of IL-2, IFN-y
Decreased production of IL-12
Decreased IFN-«a
Increased production of IL-1B8, IL-6, and TNF-«
Increased production of IL-10, transforming growth factor-

NK - natural killer; RBC - red blood cells.
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followed by decreased responses to allo-antigens and, then
eventually, diminished responses to mitogens (stimulants
which activate all T cells regardless of antigenic specificity)
[32].

In HIV-1 disease, helper T lymphocytes also have an
abnormal pattern of cytokine secretion (reviewed in [33]).
The most prominent defect detected in both adults and
children is a decreased post-stimulation production of
IL-2 and IFN-y [34]. Since IL-2 and IFN-y are important
in promoting cell-mediated immune responses, deficient
production may contribute to defects in cell-mediated
function.

The delayed-type hypersensitivity (DTH) response deter-
mined by intradermal skin testing provides a global assess-
ment of cellular immune function. Patients with advanced
disease have poor DTH responses to memory antigens
such as tetanus, Candida, mumps, and others [35]. Con-
sequently, skin testing for Mycobacterium tuberculosis may
be unreliable in a patient who has lost DTH responses.

Changes in the phenotype of CD4" T lymphocytes also
occur with HIV-1 infection. The pattern of cell surface pro-
tein expression defines lymphocyte phenotype, and phe-
notype correlates with function. Phenotypic changes can
therefore be monitored by determining changes in cell
surface protein expression. The most notable phenotypic
change is an increase in the proportion of memory CD4"
T lymphocytes (CD45RO™) relative to naive CD4" T lym-
phocytes (CD45RATCD62L") [36, 37]. However, due to the
overall decline in CD4* T lymphocyte numbers, the abso-
lute number of both naive and memory CD4* T lym-
phocytes is lower in HIV-1-infected children. The relative
increase in memory cells may be the result of stimulation
by chronic exposure to HIV-1 or to inability of the thy-
mus to generate naive cells. Loss of naive cells may com-
promise the ability of the immune system to handle new
pathogens.

3.2.3 Defects in cytotoxic/suppressor T lymphocyte
cell function

Cytotoxic/suppressor T lymphocytes mediate direct cyto-
toxic activity against pathogen-infected and malignant
cells and release soluble factors which inhibit the growth of
some pathogens. CD8" T lymphocytes may play a role in
down-regulating the immune response after an infection
has been controlled as well.

During acute infection, a large increase in the number of
CD8" T lymphocytes occurs, probably the result of a vigor-
ous CD8-mediated primary immune response to HIV-1.
Large expansions of particular CD8" T cell clones with
HIV-1-specificity are identified in acute and chronic

infection [38-40]. Subsequently, the absolute number and
percent of CD8% T lymphocytes may remain high, partic-
ularly in symptomatic patients. The increased number of
CD8* T lymphocytes can result in a decreased CD4/CD8
ratio (normally > 1), even before significant declines in
CD4* T cellnumber occurs. In advanced disease, the abso-
lute number of CD8" Tlymphocytes may decline as a result
of lymphopenia. The majority of cells accounting for the
increase in CD8* cells are activated (CD38", HLA-DR™"),
memory cells (CD45RO™) [41, 42]. A higher proportion of
CD8™ T cells in HIV-1 infected people have phenotypic
markers of decreased proliferative potential and increased
programmed cell death [43-46].

3.2.4 Defects in natural killer lymphocyte cell function

Natural killer (NK) cells are responsible for an early antigen-
independent cytolytic response against infected or malig-
nantcells (see Chapter 1). During HIV-1infection, the num-
ber of NK cellsis lower than in healthy controls and declines
with disease progression [47-49]. Earlyin HIV-1 infection in
both children and adults, laboratory tests reveal decreased
NK lytic activity and decreased production of IFN-vy [48,
50, 51]. Exogenous cytokines (IL-2, IL-12, IL-15) can restore
these NK cell functions in vitro, suggesting that an altered
cytokine milieu may account in part for abnormal function
and that the defect might be reversed with immune-based
therapies [52].

3.2.5 Defects in antigen-presenting cell function

Antigen-presenting cells (APC), including monocytes,
macrophages, and dendritic cells, present antigens in the
context of either MHC class I or class II antigens to lym-
phocytes so that those lymphocytes can mount animmune
response against the antigen (see Chapter 1). The mode of
presentation and the type of cytokines produced by the APC
at the time of interaction with lymphocytes are believed to
determine the type of immune response generated. Mono-
cytes express CD4 and the co-receptors used by HIV-1 and
can be directly infected with HIV-1, resulting in abnor-
mal function and dissemination of the infection. Dendritic
cells express DC-sign, a surface molecule that binds HIV-1
and the association of HIV-1 with dendritic cells facilitates
infection of CD4" T cells [53, 54]. The number of dendritic
cells in peripheral blood is decreased in acute and chronic
HIV-1infectioninadults [55-57]. Dendritic cellsand mono-
cytes from HIV-1-infected patients have a decreased capa-
city to induce proliferation of T lymphocytes [58, 59].



HIV-1 infection results in abnormal cytokine secretion
from monocytes and dendritic cells. Interleukin-12 is a
cytokine produced by antigen-presenting cells that pro-
mote cellular immune responses. The regulatory pathways
for production of IL-12 are altered during HIV-1 infection
and the levels of IL-12 produced are low (reviewed in [60]).
HIV-1 infection of monocytes in vitro, and presumably in
vivo, results in decreased IL-12 production in the infected
cells [61]. Moreover, the effects of HIV-1 infection on other
cytokines and co-receptors involved in the regulation of IL-
12 production result in decreased IL-12 production from
cells that are not directly infected with HIV-1 [62-67]. Since
IL-12 promotes cellular immunity, decreased production
may contribute to defective cell-