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Abstract: Globally, HIV-1 is most often transmitted heterosexually so that nearly half of all infected adults are
women of child-bearing age. Infants may acquire infection from vertical transmission. Without treatment most
HIV-1 infected children in Africa die before their third birthday; as a result child mortality has increased overall
by 35-50%, and by greater than 100% in areas of high seroprevalence.

HIV-1 infection has a heterogeneous spectrum of clinical course. Compared to HIV-1-infected adults, survival
times are considerably shorter for children who acquire the virus perinatally or during infancy. Factors
contributing to accelerated disease progression in infants and children are poorly understood but may include
relative immunological immaturity, thymic HIV-1-mediated destruction at a time of active thymopoiesis, and
HLA class I sharing between mother and infant.

This review will initially discuss clinical and biological determinants of mother-to-child transmission and
disease progression in HIV-infected infants and children. Our current knowledge of the mechanisms of T cell
depletion is summarised and the host immune response to HIV-1 (innate and adaptive) described in the context

of Pediatric HIV-1 infection.
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EPIDEMIOLOGY
AIDS: A Global Perspective

Within a 20-year period AIDS has spread from a few
high-risk groups to become a worldwide pandemic.
According to statistics released from UNAIDS and the WHO
over 40 million people have been infected with HIV-1 [117].
An estimated 14,000 new infections occur daily. 95% of
these occur in developing nations where access to newer
medical treatments are not readily available or affordable.
AIDS is now the leading cause of death in sub-Saharan
Africa and the fourth biggest killer worldwide. AIDS killed
at least 2.3 million Africans in 2001 resulting in a
significant drop in life expectancy. In the absence of an
effective therapeutic vaccine and inadequate treatment and
care, most HIV-1-infected individuals will die before the
next decade.

THE IMPACT OF AIDS ON THE WOMEN AND
CHILDREN OF AFRICA

HIV-1 is predominantly spread through heterosexual
transmission with the result that nearly half of all affected
adults are young women of childbearing age. About one-
third of those currently living with HIV/AIDS are
individuals aged 15-24. Most are unaware of their status.
HIV-1 prevalence studies in pregnant women have provided
the most objective data for comparing epidemics in different
countries. Seroprevalence rates in many antenatal settings
have ranged from 15 to 30% and up to 44% in urban areas of
Botswana [118].
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The Rise in the Numbers of HIV-1-Infected Children

The epidemic has had grave consequences on infants and
children. A rapidly increasing number of children are
infected by mother-to-child-transmission (MTCT) either
perinatally or by breast -feeding. Vertical transmission rates
of HIV-1 in African countries vary from 25-42% [81]. An
estimated 600,000 new paediatric infections occur each year;
of which some 1500/day (> 90%) take place in sub-Saharan
Africa. 2.7 million children are currently HIV-1-infected
[117]. The estimated impact of AIDS among infants and
children under 5 years of age has resulted in an increase in
mortality in that age group.

MOTHER-TO-CHILD TRANSMISSION OF HIV-1

In the absence of antiretroviral prophylaxis, reported
transmission rates of HIV-1 ranged from 16-20% among
large-cohort studies in Europe & N. America [33, 93] but up
to 42% in Africa. Differences in rates could be accounted for
by variable prevalence of breast-feeding, prematurity &
elective Caesarean section. Transmission occurs either at
birth from infection in-utero and vertically during labour and
delivery (66%), or during the postnatal period from exposure
to infected breast-milk. In contrast, vertical transmission of
HIV-1 infection is now a rare event in industrialised
countries, through a combination of anti-retroviral therapy,
obstetric management and the use of alternative infant
feeding methods.

In Utero Transmission of HIV-1

In utero transmission most likely occurs transplacentally
or by maternofoetal transfusion. Although HIV-1 env
sequences have been detected within most placentas of HIV-
1-seropositive women, the placenta usually acts as an
effective barrier against transmission allowing for a relatively
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few intrauterine infections. Nevertheless, placental
trophoblasts and macrophages (Hoffbauer cells) are
susceptible to HIV-1 in vitro [5, 55], and HIV-1 can be
amplified from chorionic villi from the majority of term
placentas of HIV-1-infected women, even after exclusion of
maternal contamination. In these studies, the presence of
HIV-1 proviral DNA in the placenta correlated with the
detection of virus in the cord blood of newborns [26]. In-
utero transmission may be associated with accelerated
disease progression in infected infants [80] and a relatively
high rate of first trimester abortions among HIV-1-infected
women [41].

Intrapartum transmission of HIV-1

Intrapartum transmission can occur through maternofoetal
transfusion of blood during labour or contact of infant skin
or mucous membranes with the infected blood or other
maternal secretions during delivery. HIV-1 DNA has been
detected in 30-40% of gastric and oropharyngeal aspirates
from newborns of HIV-1-infected mothers. Although
detection of virus in these samples correlated with
transmission, most infants were uninfected [85, 2]. Risk
factors specific to intrapartum transmission include
prolonged rupture of membranes, invasive procedures such
as amniocentesis, chorioamnionitis, high viral load during
pregnancy or at delivery, and vaginal delivery [120]. In a
large meta-analysis elective Caesarean section was shown to
be protective [114].

Breast Milk Transmission of HIV-1

HIV-1 has been detected in the breast milk and colostrum
of HIV-1-infected women [83]. The rate of infants not
infected at birth but infected through breast-feeding is
estimated at 12-14% [10]. Approximately 29% of breast-fed
infants of women who seroconvert following delivery
contract HIV-1 infection [30]. The mechanism of
transmission is most likely the frequent and prolonged
exposure of infants’ oral and gastrointestinal tracts to
infected milk. A randomised trial from Nairobi indicated
that most transmission occurred within the first 6 weeks of
breast-feeding (66%), 75% within the first 6 months of life
and 84% by 12 months of age [82]. In a separate study,
transmission risk was significantly correlated with breast-
milk HIV-1 viral load [101]. Other specific risk factors of
breast-milk transmission include breast abscesses and
cracked nipples [31]. Infants can be poorly susceptible to
oral HIV-1 infection. The exact reasons for this relative
‘resistance’ are unclear.

Maternal Correlates associated with Adverse and
Favourable Birth Outcomes

Maternal Well-Being

There are a number of maternal correlates for which
adverse birth outcomes are common. Behavioural factors
associated with vertical transmission include illicit drug use
during pregnancy [16] and the presence of drug withdrawal
symptoms in the infant [106]. Maternal age, over 30 years
[61] and low vitamin A levels [102] have been positively
correlated with transmission. The presence of maternal CMV
and EBV coinfections were similarly correlated. Other
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coinfections included the presence of a number of sexually
transmitted diseases including syphilis, herpes simplex,
gonorrhoea and chlamydia [94].

Obstetrical Factors

Numerous obstetrical factors have been associated with
vertical transmission, including history of previous adverse
birth outcomes [116] and gestational time of less than 34
weeks [61]. This may be due to immaturity of infant
mucosal barriers against infection. Although a number of
studies have noted an increased rate of vertical transmission
with preterm delivery, it remains unclear whether preterm
delivery is a result or cause of the HIV-1 infection. Bleeding
during pregnancy [116] and blood in the amniotic fluid
primarily due to placental abruption or praevia [68] are all
linked to increases in transmission.

Biologic Determinants

The relationship between high neutralization antibody
titres against autologous or clinical HIV-1 isolates and
vertical transmission status has not been established. Some
studies have indicated a correlation between high
neutralizing titres and a decrease in the incidence of vertical
transmission [56, 100]. However, other studies have failed
to confirm this association [52].

Clinical determinants of MTCT include severe
immunosuppression with low CD4+ counts and high
maternal viral load [27]. Mothers with HLA discordance
from their infants were least likely to transmit infection [71].

PAEDIATRIC HIV-1 INFECTION: A CLINICAL
OVERVIEW

The Bimodal Distribution of Paediatric HIV-1 Infection

Perinatally infected children progress more rapidly than
adults [7]. Although 4% of the world’s population HIV-1-
infected subjects are children, 20% of all AIDS deaths have
been in this group. Early studies before the era of highly
active antiretroviral therapy (HAART) indicated that a subset
of children (approximately 25%) progressed very rapidly to
AIDS (within 1 year). The median time to AIDS for the
remaining 75% was 7 years [32].

The Clinical Course of HIV-1 Infection in Children

HIV-1 infection in children causes a broad spectrum of
disease. Manifestations include hepatosplenomegaly, failure
to thrive, oral candidiasis, recurrent diarrhoea, parotitis,
cardiomyopathy, hepatitis, nephropathy, developmental
delay and encephalopathy, lymphoid interstitial
pneumonitis, recurrent bacterial infections and specific
malignancies. Pneumocystis carinii pneumonia is a very
common serious opportunistic infection in children with
HIV-1 infection and is associated with a high mortality. The
pneumonia most often manifests between 3 to 6 months of
age in infants with vertically-acquired infection. Primary and
reactivated tuberculosis is a major cause of morbidity and
mortality among HIV-1-infected children in Africa residing
in communities where infection with the pathogen is
endemic. Other co pathogens and opportunistic infections
during paediatric HIV-1 infection include chronic or
disseminated infections with herpesviruses (CMV, HSV and
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VZV), and atypical mycobacteria. Causes of acute and
chronic CNS infections include Cryptococcus neoformans,
and Toxoplasma gondii. Leiomyosarcomas and lymphomas,
including non-Hodgkin’s B-cell Burkitts-type lymphomas,
occur more frequently in children with HIV-1 infection than
those who are immunocompetent. Kaposi’s sarcoma has
rarely been described among HIV-1-infected children residing
in Western countries, but is not uncommonly seen among
African children.

ANTIRETROVIRAL THERAPY AND PREVENTION
OF HIV-1 INFECTION IN CHILDREN

Prevention of Mother-to-Child-Transmission (MTCT) of
HIV

With the improved uptake of antenatal HIV testing and
identification of infected women during pregnancy, MTCT
of HIV can be dramatically reduced by providing
antiretroviral therapy (ART) to mother antenatally, during
delivery and to the baby postnatally; delivery by elective
caesarean section (ELCS) and by avoidance of breast-feeding.
These interventions reflect the recommendations of many
studies including the landmark trial from the Pediatric AIDS
Clinical Trials Group (PACTG 076), which demonstrated
the efficacy of Zidovudine (AZT) in pregnancy &
postnatally, reducing vertical transmission by 67% [22].

The Goals of Antiretroviral Therapy During Pediatric
HIV Infection

These are to maximally reduce plasma VL below the
limit of detection (<50 copies/mL), prevent selection of drug
resistant strains and maintain good immunological status
(repopulation with CD4+ naive T cells) to prevent clinical
disease progression and opportunistic infections.

Four classes of antiretroviral drugs are available for HIV-
1 therapy. Two classes target reverse transcriptase — the non-
nucleoside reverse transcriptase inhibitors (NRTIs) and the
non-NRTIs. A third class — the protease inhibitors target
viral protease. The combination of these potent antiretroviral
regimens has been pivotal in reducing the significant
morbidity and morbidity and mortality associated with HIV-
1 infection in Western countries before 1996. However, a
number of therapeutic challenges accompany the initiation
and maintenance of HAART in all HIV-infected subjects.

Difficulties with Implementation of HAART
The Emergence of Resistant Viral Variants

HIV-1mutability is largely the result of errors introduced
into the viral genome during replication. The HIV genome is
approximately 10,000 nucleotides long and each new virion
has an average of one mutation. This results in a large pool
of quasispecies of viral variants that are incapable of
productive infection, but some of which may provide an
adaptive benefit to the virion such as the development of
antiretroviral resistance. Aggressive, multidrug therapy as
early in infection as possible has been advocated to fully
suppress viral replication and to preclude the selection or
emergence of resistant viral variants.

Adherence and Toxicities

There are difficulties with long-term adherence to
therapy, particularly in infants and children where variable
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drug administration, absorption & metabolism; maternal
ART and vertical transmission of drug resistant virus;
acceptability and palatability of formulations; refrigeration of
syrup formulations in warm climates are all well
documented.

Long-term follow-up of infected infants and children
involves longitudinal determinations of prognostic markers
including CD4 number and percentage, and viral load [38,
98]. These parameters provide a useful framework of when to
initiate and change therapy, but involve frequent
venipuncture in minors.

Long-term toxicities include lipodystrophy syndrome
[121] and lipid abnormalities, cardiomyopathy,
mitochondrial toxicity and lactic acidosis, renal tubular
acidosis [19], hypersensitivity reactions, and CNS toxicity.
In addition, the discovery that resting CD4+ T cells can
provide a reservoir for HIV-1 have reinforced the need to
develop new approaches to control and treat HIV infection.

THE VIRAL KINETICS OF HIV-1 INFECTION

Biological Determinants Contributing to Accelerated
Disease Progression Among HIV-1-Infected Children

Perinatal infection occurs at a time of relative
immunologic immaturity. If cellular immunity is critical in
successful containment of HIV-1 then the infected infant can
be severely immunosuppressed from birth onwards. The
inability to control viraemia during acute infection could
expose the thymus to HIV-1-mediated destruction at a time
of active thymopoiesis [80]. This expanded thymocyte pool
might also contribute to prolonged elevation of plasma HIV-
1 RNA levels. Given that the virus is transmitted from the
mother and that the degree of HLA class I sharing between
mother and infant is high, the virus could evade the immune
response of the newborn resulting in accelerated disease
progression [40].

Disease Progression and Viral Load, Comparing Adults
& Children

In contrast to adults, HIV-1-related symptoms and/or
CD4+ T cell depletion develop in most untreated vertically-
infected children within the first few years of life [84]. In
addition plasma HIV-1 RNA levels remained elevated over
the first two years among infants [1] and do not decrease to
<103 copies/mL through at least the third year of life. A
continued reduction in plasma HIV-1 RNA levels (mean
—0.2 to —0.3 log decline/year) has been observed in vertically
infected children through 5 or 6 years of age [74]. It is
unclear whether these differences in peripheral viral load
affect disease progression [1, 104], although reductions in
plasma HIV-1 RNA levels with HAART are associated with
clinical benefit. The prolonged elevation of plasma HIV-1
RNA levels may be related to the kinetics of viral
replication, the size of the pool of host cells that are
permissive to viral replication, and deficient virus-specific
immune responses.

A Renewable Pool of Permissive Host Cells may
Contribute to Persistently High Plasma HIV-1 RNA
Levels in Infancy and Childhood

After the initiation of HAART >90% of virus in plasma
was cleared in an initial rapid exponential decrease followed
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by an exponential slower second phase decrease in adults
experiencing primary infection [64] and with established
disease [92]. Two sources for plasma virions were proposed:

1. Short-lived, productively infected cells (CD4+ T
cells).

2. Long-lived cells with stably integrated HIV-1
provirus (tissue macrophages, dendritic cells (DCs) or
latently infected CD4+ T cells undergoing activation)
[92].

The biphasic decay may also represent an exponential
decay of a single cellular source, with a decreasing exponent
over time caused by a reduction in the number of virus-
producing cells or the ability of the cells to produce virus
(for example an increased number of cells moving from the
activated to resting state). Estimates of half-lives for viral
turnover were calculated to be similar in adults and
perinatally-infected children [65].

A large and renewable pool of permissive host cells may
contribute to persistently high plasma HIV-1 RNA levels in
infancy and early childhood. CD4+ T lymphocytes and
thymocytes might be particularly important substrates in
infants. Relative lymphocytosis, thymopoesis and an
increased CD4+ T-cell pool size have been observed at these
ages.

Viral Set Point During Clinical Latency may Determine
Disease Progression

Studies in adult subjects have described the
establishment of a viral set-point, which is maintained
through clinical latency [63]. HIV-1 RNA levels will
generally rebound to this same set point after the
discontinuation of prolonged, effective HAART, and may be
a strong predictor of the subsequent clinical course: the
higher the set point, the more rapid the immunologic
progression, and the shorter the period of clinical latency
[46]. The factors that determine the viral set-point are
unclear, but may be lowered by efficient host HIV-specific
CD8+ T cell and T-helper responses [96] and in the presence
of viral mutations that alter replicative competence, and
include Nef deletions [25].

T-CELL DEPLETION DURING HIV-1-INFECTION:
A QUANTITATIVE AND QUALITATIVE DECLINE

HIV-1 infection disrupts the homeostasis of balanced
proliferation of progenitor cells and death of mature progeny
by accelerated destruction of CD4+ T cells; these helper cells
are pivotal in coordinating humoral and cellular immune
responses. Quantitative estimates indicate the normal young
adult possess approximately 2X10!! mature CD4+ T cells
[43]. This number is halved by the time the CD4+ T cell
count decreases to 200 cells/uL.

Qualitative defects during disease progression in the
CD4+ T cell compartment include a decrease in the
proportion of quiescent naive CD45RA+CD62L+ T cells
and an increase in the proportion of activated memory
phenotype (CD45R0+). At the same time the T-cell receptor
repertoire is restricted [39]. A number of hypotheses have
been developed to account for CD4+ T cell depletion. Four
plausible mechanisms will be discussed.
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Accelerated Destruction of Mature CD4+ T Cells

Total body CD4+ T cells may be depleted in absolute
number by destruction. /n-vitro experiments with laboratory-
adapted HIV-1 isolates in tissue culture revealed a cytopathic
virus with tropism for CD4+ T cells. These cells were
predicted to be equally susceptible in-vivo. The provision of
HAART allowed investigators to estimate that continuous
rounds of de novo infection sustained the viral load and that
as many as 2X10% infected CD4+ T cells were destroyed
daily resulting in eventual exhaustion of the immune system
[51].

Quantitative image analysis and analysis of T-cell
turnover revealed decreased numbers of CD4+ T cells and
increased levels of cellular proliferation concentrated in the
CD45RO+ population of memory CD4+ T cells and
apoptosis in lymphoid tissue [43,55]. Given that cell
division must be balanced by cell death, these experiments
suggested that HIV-1 infection accelerated both destruction
and production of CD4+ T cells. However, destruction alone
could not account for the pronounced changes in CD4+ T
cell function, or for redistribution of CD4+ T cells.

Altered Movement and the Appearance of Loss

Movement of cells from one location within the immune
system is directed in part by homing receptors that mediate
tissue-specific interactions [36]. Naive CD45RA+CD62L+ T
cells recirculate in an L-selectin (CD62L)-dependent manner
from blood to lymph node and then back to blood. Memory
(CD45RO+) T cells move through non-lymphoid tissue
such as liver and lung, thereby increasing chances of
encountering foreign antigen [17].

When antigen-presenting cells (APCs) initiate immune
responses within lymphoid tissue, CD4+ T cells are
stimulated and retained, while CD8+ T cells migrate into
the circulation. This differential movement results in a
transient decrease in total lymphocyte count and a CDS8
lymphocytosis [67]. Changes of this type have been
observed during acute and chronic HIV-1 infection and are
augmented by the HIV-1-induced upregulation of CD62L on
CD4+ T cells [12].

Effective HAART and a drop in HIV-1 RNA levels may
decrease immune activation, allowing sequestered cells to
recirculate back into the peripheral circulation [126]. Indeed
reductions in viral load have been associated with decreased
levels of adhesion molecules (VCAM-1, ICAM-1), which
normally mediate lymphocyte sequestration into lymphoid
tissue [78].

Chronic Activation and T-Cell Death

Uninfected T cells may die as a result infection
elsewhere. HIV-1 infection results in a state of chronic
activation driven in part by the antigenic stimulus of HIV-1
and in part by antigen-independent mechanisms or cytokines
released by APCs and activated T cells [50]. This process
has been termed ‘activation-induced cell death’ and has been
observed in a number of other chronic infections including
intestinal helminth infestations, tuberculosis and malaria
[13].
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Impaired Renewal of T Cells

Early progenitors of CD4+ T cells (multi-lineage and
lineage-restricted haematopoietic cells) may also express
CD4. Infection of cells with long half-lives may generate
large numbers of differentiated progeny upon stimulation
[77]. Such observations would account for the pancytopenia
noted in end-stage patients with AIDS. Other authors have
observed thymocyte depletion, loss of corticomedullary
demarcation and the development of thymic medullary B-
cell follicles. These changes are associated with presence of
HIV-1 structural proteins in thymocytes and evidence of
viral replication most commonly with CXCR4-utilizing
isolates of HIV-1, which are tropic for CXCR4+CD3-
CD4+CD8- intrathymic T progenitor cells. In contrast,
CCRS5-utilising isolates infect intrathymic myeloid and
thymocyte subpopulations that are more mature, and result
in thymocyte depletion after long periods of time [9].

Indirect evidence of thymic involvement includes
decreased circulating CD4+ and CD8+ naive T cells [97] and
cells bearing T cell receptor rearrangement excision circles
[TRECs] (markers of recent thymic emigrants) during
disease progression. Signs of thymopoeisis appear to return
after effective HAART [28], particularly if the subject is
younger and does not have evidence of thymic involution
[59].

Each of the above mechanisms of T cell depletion is
presented by a number of investigators with strong
supporting data. It would seem that in any given scenario,
one mechanism might be dominant. Paediatric thymic
dysfunction, for example, as a result of in-utero infection
may account for the rapid disease progression observed in
20-30% of HIV-1-infected children. In such infants, a pattern
of lymphocyte depletion develops that resembles a pattern
observed in congenital thymic deficiency [59]. However, all
four mechanisms may be important sequentially during
chronic disease progression among young adults infected by
sexual transmission.

THE HOST IMMUNE RESPONSE TO HIV-1-
INFECTION

Infection with HIV-1 generates an immune response that
contains the virus but as a consequence of its cellular
tropism and intrinsic characteristics is rarely, if ever,
eliminated from the body. Broadly speaking, the host
immune response can be divided into innate and adaptive
immunity, and the latter into humoral (antibody mediated)
and cellular components. In turn, the cellular arm of the
adaptive immune response can be divided into T helper
(CD4+ mediated) and cytotoxic T lymphocyte (CD8+
mediated) responses. This section will summarise host
defence to HIV-1 infection with particular emphasis on cell-
mediated immunity and provide overviews of innate and
adaptive humoral immunity.

THE INNATE IMMUNE SYSTEM DURING HIV-1
INFECTION

Soluble Mediators

Mannose binding lectins (MBLs) and complement bind
to HIV-1 and either lyse the virus directly or help viral
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phagocytosis by macrophages. Subjects with low levels of
MBLs have an increased risk of HIV-1 infection and
enhanced progression to disease [107]. Complement can also
rapidly inactivate HIV-1 or serve as an opsonin for
phagocytosis of the virus [37]. Cytokines, such as IL-12, IL-
4 and IL-6 determine predominance of T helper 1(Thl) or
Th2-type responses. TNF-a, and the interferons (IFNs) can
influence the extent of HIV-1 replication [109]. Chemokines
can recruit NK cells, T cells and macrophages to the site of
HIV-1 Infection and increase the cytotoxic function of these
cells [42].

IFN-Producing Cells May Protect HIV-Infected Subjects
by IFN Production

IFN-producing cells (IPCs) are immature DCs that
mature into DCs (DC-2) and enhance Th2 responses [11].
IPCs secrete type I IFNs after exposure to viruses [99].
These cells express CD4 and the IL-3 receptor and are found
primarily in lymphoid tissue [105]. They also make up 0.2-
0.9% of all circulating PBMCs. Recently, loss of IPCs and
IFN-y production were associated with high HIV-1 viral
load. Moreover, normal IPC numbers and IFN-y production
were noted in healthy HIV-infected subjects, naive to
HAART, who had remained infected for over 10 years with
very low CD4+T-cell counts.

CD8+ T Cells Can Control HIV-1 Replication by an
Innate Non-Antigen-Specific, Non-Species-Specific
Noncytotoxic Antiviral Response

CD8+ T cells can control HIV-1 replication in infected
cells through both classic and an innate non-antigen-specific,
non-species-specific noncytotoxic antiviral response (CNAR)
[108]. These rapid responses are not restricted by HLA class
I or II and do not appear to involve memory. In addition to
an association with the long-term asymptomatic state, these
responses have been described in HIV-exposed uninfected
subjects [62].

Neutrophils and DCs

In addition to their phagocytic activity, neutrophils
release a number of inflammatory cytokines that control
microbial infection [112]. DCs elicit protection from HIV-1
infection through production of cytokines and type I IFNs.
They are important mediators of antigen recognition and
activate both innate and adaptive immune responses through
cytokine secretion [57].

ADCC, NK Cells & yd T cells

ADCC has been reported to be inversely correlated with
HIV-1 RNA levels in chronically infected subjects. Viral
reduction resulted from lysis of infected cells and from direct
inhibition of HIV-1 via secretion of the chemokines,
RANTES and MIP-1-a. Moreover, several cytokines
secreted by NK cells (IFN-y, TNF-a, 3-chemokines) have
been shown to inhibit HIV-1 replication in-vitro [58].

yd T cells found at mucosal surfaces interact directly
with nonpeptide antigens or with cellular stress proteins
(heat shock proteins) and can lyse HIV-1-infected targets
[35]. In-vitro studies suggest they may suppress HIV-1-
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replication through secretion of chemokines and other
soluble antiviral factors [124].

HUMORAL IMMUNITY DURING HIV-1 INFECTION

HIV-1 is a persistent viral infection, with an ineffective
humoral immune response that is partially protective in
controlling infection. During acute and asymptomatic
infection, a rigorous and sustained humoral response against
a number of HIV-1 structural proteins fails to abrogate the
infection [95]. The first antibodies detected recognise linear
determinants to p24 and pl17 in gag. Thereafter, antibodies
to env and pol epitopes appear together with antibodies to
regulatory and accessory proteins such as rev, fat, vpr, vpu,
vif and nef.

Non-Neutralising Responses to Env

Most of the neutralising antibody response is directed
against the gp120 subunit of the envelope glycoprotein [75].
Antigenic epitopes on gp120 and gp41 recognised by human
antisera have been identified by epitope mapping of antisera
and the analysis of monoclonal antibodies. HIV-1 cross-
reactive antibodies from HIV-1 seropositive subjects
recognise epitopes within the conserved regions of gp120 in
a region overlapping the CD4 binding site (CD4 binding
domain (CD4bd) antibodies). Epitopes within the first and
fifth conserved domains of gp120, and those clustered in
two regions on the gp41 ectodomain are also recognised.
However, these antibodies do not neutralise virus [111].

Neutralising Responses to Env

Only three monoclonal antibodies that neutralise primary
isolates, each recognising a distinct epitope have been
described. These are anti-gp120 antibodies IgG1 b12 and
2G12, and the anti-gp41 antibody 2F5 [89]. Unfortunately,
for reasons, which remain unclear, the neutralising antibody
responses detected in most HIV-1-infected at low levels
appear inadequate in clearing HIV-1 and the virus rapidly
escapes [29]. A possible explanation is that the antibody
response is principally directed against viral debris rather
than virions (i.e. non-native forms of the envelope released
by lysis of infected cells or shedding from the viral surface)
[76].

The Poor Immunogenicity of Eny
Biochemical and Physical Properties

Even in the presence of intact virions, the HIV-1
envelope is both of low antigenicity and immunogenicity.
Low antigenicity is largely due to the oligomeric nature of
the envelope proteins, together with very high levels of
gpl20 glycosylation, factors that combine to shield most
potentially immunogenic epitopes of the mature virion from
the immune system [91]. Furthermore, overlapping
hypervariable loops (such as V1 and V2) may restrict
accessibility of antibody to those parts of gp120 that are
critical for viral entry [53].

‘Original Antigenic Sin’

Since large amounts of gp160 produced by infected cells
are recycled intracellularly, rather than being processed into
gpl120, a strong humoral response to gpl60 may suppress
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effective humoral responses against cross-reactive gp120
epitopes [90]. This mechanism has been termed ‘original
antigenic sin’ [34].

Antigenic Variation

Finally, because of its high mutation rate, HIV-1 may
escape neutralising antibodies through antigenic variation.
When a laboratory worker was infected with a neutralisation-
sensitive strain of HIV-1, the virus rapidly developed a
neutralisation-resistant phenotype in-vivo, indicative of rapid
evolution of the virus to escape immune responses [8].

The Poor Correlation of Neutralising Responses to Env
with Non-Progression

Subjects with acute HIV-1 infection have significant
decline of primary viraemia before neutralising antibodies are
detectable. Although some with long-term control without
HAART have strong neutralising responses, these responses
are not present in all subjects who control virus [45].
Collectively, all these factors would explain why HIV-1-
specific humoral immune responses have not been found to
correlate with protection from disease progression in infected
subjects.

THE THYMUS DURING HIV-1 INFECTION

HIV-1 may directly kill thymocytes [110] and thymic
DCs required for normal thymocyte development [119], and
can damage thymic epithelial cells required for normal
thymopoiesis [110] and thymocyte signalling. HIV-1 RNA-
expressing cells are found both within the thymic
perivascular and true thymic epithelial spaces during early
and late HIV-1 infection. Early infection is associated with
an increased lymphoid infiltrate of the thymic perivascular
space, relative to normal thymus tissue, and with the
presence of germinal centres in the thymic perivascular space.
In late HIV-1 infection, thymic changes resemble, but are
more exaggerated than, the atrophy associated with normal
ageing [23, 47, 48, 119].

TRECs During HIV-1 Infection

A decrease of TREC levels in the peripheral T cells of
untreated HIV-1-infected patients has been described.
Furthermore, HAART induced increases in peripheral CD4"
T cell counts and TREC levels in younger HIV-1-infected
children although some of the early rises in CD4" T cells
were probably due to redistribution of CD4" T cells into the
peripheral blood after treatment. These findings suggested a
suppressive effect of HIV-1 viraemia on TRECT T cell
production in the thymus [28].

The T Cell Regeneration During HAART

The use of HAART in HIV-1-infected patients has led to
suppression of plasma HIV-1 RNA, improvement in
peripheral blood CD4% T cell counts, and in some cases
thymic enlargement from increased thymopoiesis [47-49].
However increased thymic size could also result from
infiltration of peripheral lymphocytes into the thymic
perivascular space, particularly in untreated patients [48]. In
humans, there are two distinct pathways for the generation of
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TCRaB T cells: thymopoiesis and expansion of peripheral T
cells [23,24]. Both mechanisms may contribute to the early
rises of CD4% T cells in peripheral blood during HAART
[66, 67, 69, 70, 87], although current opinion suggests
thymopoiesis remains the primary mechanism [20, 24]. In
children the source of the majority of restored CD4 T cells is
the thymic production of new naive T cells. This may be
important since in contrast to adults, not only is a
quantitative recovery of CD4 cells occurring, but also the
generation of new T-cell clones, which could recover the
repertoire of specificities capable of responding to different
pathogenic agents [24].

THE CELLULAR IMMUNE RESPONSE TO HIV-1
INFECTION

HIV-1-Specific CD8+ T Cell Activity During Acute
Infection

In nearly all subjects the cellular immune response to
HIV-1 fails to eradicate or adequately control infection. This
failure facilitates viral escape from immune control resulting
in progressive immunodeficiency. During acute HIV-1
infection, a robust immune response by CD8+ T cell peaks
with the rise in viraemia to reduce viral load to establish an
inverse relationship between CTL response and viral
replication [Fig. 1 and 18]. Little is known about the
function of these early HIV-1-specific T cells, but the
response is restricted to a few clones [88].

HIV-1-Specific CD8+ T Cell Activity During Chronic
Infection

During chronic HIV-1 infection, expanded HIV-1-specific
T cells persist at high frequencies; often 1-2% of all
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circulating CD8* T cells are specific for a dominant HIV-1
epitope [4]. There are similar numbers in lymph nodes [60].
These T cells probably turn over continuously; and like the
acutely expanded T cells tend to die by apoptosis ex vivo
[73]. The high number of responding T cells is probably
dependent on continued antigen stimulation, since reduction
of viraemia by HAART causes a steady decline in tetramer
stained CD8" T cells [86]. Without treatment, the high
number of HIV-1-specific CD8" T cells often persist into
late infection. As in acute infection, these expanded T cells
are often oligoclonal [127] and may be long-lived.

Secretion of Cytokines and Chemokines by HIV-1-
Specific CD8+ T Cells

CD8+ T cells produce cytokines, which affect viral
replication. These include IFN-a, which inhibits viral
replication, and TNF-a, which can up regulate replication
through activation of the HIV promoter in the virus 5' long
terminal repeat [79]. HIV-1-specific CD8+ T cells also
produce the CC chemokines MIP-1a, MIP-1 B and
RANTES, which suppress HIV-1 replication [122] by
competition for, or downregulation of CCRS5. Inhibition
involves lytic mechanisms and release of CC chemokines
and CD8" T-cell antiviral factor (CAF). CAF blocks LTR-
mediated transcription in infected cells [122]. This factor
may facilitate the development of latency.

Target Cell Lysis and Apoptosis

Cultured HIV-1-specific CD8+ T cells lyse HIV-1-
infected CD4% T cells in vitro despite the ability of nef to
reduce expression of class I HLA molecules on their surface
[21]. Target cell lysis is mediated by perforin and granzymes
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[6, 103], or by FasL expression on antigen-activated CD8+
T cells triggering apoptosis in cells that express Fas [44].

Qualitative Defects in CTL Function During HIV-1-
Infection

Recent studies have demonstrated that virus-specific
CD8+ T cells taken ex vivo can have functional defects that
may undermine their control of virus. When HIV-1
epitope/HLA class I tetramer-staining was combined with
intracellular staining for cytokines and chemokines, it was
found that most HIV-1-specific cells in patients with chronic
HIV-1 disease produced IFN-a, TNF-a and MIP-1a on
contact with their cognate antigen ex vivo. This pattern of
cytokine secretion was similar to CMV-specific cells from
HIV-1-uninfected donors. However, a striking difference was
seen in the level of intracellular perforin. Less than 15% of
HIV-1-specific cells contained perforin, which was reflected
in poor ex vivo killing of appropriate target cells, compared
with CMV-specific cells from the same donors, 50% of
which expressed perforin and killed well [6].

It is uncertain why HIV-1-specific cells poorly express
perforin: these cells lack expression of the glycoprotein

O %
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CD28 on their surface, but they retain CD27. In contrast,
CMV-specific cells lose expression of both molecules. This
loss is considered to be a marker of mature effector
phenotype [6] and suggests HIV-1-specific CD8 T cells in
vivo may be immature rather than end-stage effectors. The
reason for immature phenotype of CD8+ T cells may be a
consequence of impaired T-cell help, since T-cell help is
known to be important for priming the CD8" T-cell
responses [115] for maintaining CD8" T-cell memory and
for maturing CD8% T-cell function [72 and Fig. 2].
However, in subjects with maximal viral suppression on
HAART and in LTNPs, the phenotype is no different, even
if CD4 T cell help can be detected.

Escape from CTL Viral Mutation

CDS8" T cells can act against HIV-1 most effectively by
killing infected cells before they generate new virus particles.
Unless the killing process eliminates the virions rapidly,
this process exerts a selective force, giving an advantage to
cells infected with viruses that have mutated critical amino
acids in the dominant epitopes. These infected cells escape
lysis and propagate the mutant virus. The rate of mutation is
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Fig. (2). CD4+ T-cell dependence of CD8+ T cells. CD4+ T cells are important for priming DCs to initiate CD8+ T-cell responses. They
help maintain memory T cells and are important in maturation of CD8+ T-cell function. All of these actions are impaired by HIV-1
infection. In addition, HIV-1 can directly infect and impair DC function.
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influenced by the balance between the strength of killing and
the level of viral replication, and may be also influenced by
impairment of CD8+ T cell function [14].

Selection of mutants by CD8+ T cell is probably one of
the main features of HIV-1 infection. Longitudinal studies of
individual patients, matching dominant CD8+ T cell
responses with changes in amino-acid sequence, have
identified clear cases where a single change has abrogated
presentation by the class I HLA molecules and these viruses
have become dominant in the quasispecies [3, 14, 113, 124].
Furthermore, there is evidence to demonstrate that escape
from one CD8+ T cell population is followed by a new
CD8+ T cell response in a new epitope [3, 54]. However,
this response may be less effective.

Other Mechanisms of Escape These include
downregulation of classical HLA-A and HLA-B molecules
and upregulation of Fas ligand secondary to nef activity in
infected cells (discussed in earlier sections). Almost all HIV-
I-specific T cells express Fas and so could be targets for
killing by the FasL pathway.

Other means by which HIV can escape CD8+ T cell
attack include sequestration of infected cells in the central
nervous system with limited T cell access. Any latently-
infected cells will be invisible to detection. Transition of
virus from the RS to the X4 type, when the co-receptor
requirement is changed from CCRS (natural receptor for the
CC chemokines) to CXCR4 (natural receptor for stromal-
derived factor) during disease progression, will mean that the
virus becomes insensitive to inhibition by the CC
chemokines released by antigen-activated T cells.

CONCLUSIONS

There is a current paucity of knowledge on HIV-1
pathogenesis in exposed uninfected infants and HIV-1
infected children. Protective correlates and mechanisms of T
cell depletion within a clinical Pediatric context have been
discussed, however, a greater understanding of HIV-1-
specific immunity in these groups is important to develop
interventions to reduce transmission and to modify disease
progression, which may supplement existing antiretroviral
drug regimens.
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