
Abstract. Globally, more than 2000 children under 15
years of age are infected with HIV-1 every day. Some of
these infections occur in utero, but the majority of chil-
dren become infected at delivery and after birth
through breast-feeding. While success of antiretroviral
therapy dramatically decreased mother-to-child trans-
mission in developed countries, antiretroviral drugs
are not yet widely available and bottle-feeding is not an
option in economically impoverished countries, where
burden of HIV-1 infections is the highest. There, effec-
tive accessible HIV-1 vaccines limiting spread of HIV-1
in adults and preventing infection of neonates through
breast-feeding are urgently needed. For infant vac-
cines, given the difficulties in inducing widely cross-
reactive HIV-1-neutralizing antibodies, effort has now
shifted towards elicitation of cell-mediated immunity,
likely in a combination with passively infused neutral-
izing antibodies and/or chemoprophylaxis. This review
discusses prospects of the T-cell approach for develop-
ment of a paediatric HIV-1 vaccine.

An estimated total of 60 million people have become
infected with human immunodeficiency virus type 1
(HIV-1), of whom some 22 million have died since the
first report of acquired immunodeficiency syndrome
(AIDS) in 1981 and its subsequent recognition as a
novel disease (UNAIDS, 2001). Twenty years later,
HIV-1 continues to spread particularly in developing
countries in a largely uncontrolled manner. More than
60% of the worldís HIV-1-infected people live in Africa
and about a half of the infected adults are women of
child-bearing age among whom AIDS is now the lead-
ing cause of death. In larger urban centres, up to 40% of
pregnant women attending city clinics are seropositive
and, without any intervention, about one third of the
children born to these mothers become infected (Datta et
al., 1994). Although approximately half of mother-to-

child transmissions (MTCT) are due to a prolonged
breast-feeding (Van de Perre et al., 1991; Ekpini et al.,
1997; Richardson et al., 2003a; Rousseau et al., 2003),
for social, practical and health reasons, bottle-feeding is
frequently not an option. Bottle-fed babies of infected
mothers have a higher morbidity and mortality due to
increased exposure and susceptibility to other infections
(Mbori-Ngacha et al., 2001). Although antiretroviral
therapy can significantly reduce risk of MTCT, the drugs
have to be administered at birth and maintained through-
out the whole period of breast-feeding, and their effec-
tiveness might be compromised by resistant mutants.
Furthermore, long-term effects of antiretroviral drugs on
childís normal development are unknown. Thus, the best
hope for protecting newborns in developing countries
against HIV-1 is development of safe, effective, accessi-
ble prophylactic vaccines which would both reduce
adult burden of infection and protect neonates against
vertical HIV-1 transmission. While 60 different vaccine
candidates have been or are being tested in about 150
individual human trials to date, very few of them have
included children in their clinical trials (Safrit, 2004).
Therefore, there is a need for safe, but accelerated test-
ing of new vaccine approaches in children.

Vaccine protection against HIV-1
A successful prophylactic vaccine should train hostís

defences to recognize HIV-1 antigens and induce a sus-
tained level of immunological memory, which would
give the host a sufficient head-start in the race against
the incoming virus. Protection would be provided in
one of three possible scenarios. Ideally, a vaccine
should induce (i) a sterilizing immunity, thus prevent-
ing HIV-1 from infecting host cells. Although steriliz-
ing immunity remains the ultimate aim of AIDS vaccine
research, it will be extremely difficult to achieve and
maintain. In fact, sterilizing immunity may not exist,
because a limited infection of host cells might be
unavoidable. However, even non-sterilizing immunity
would be beneficial if it either (ii) allowed a detectable,
but only transient replication of HIV-1 after which the
virus is cleared from the body, or (iii) kept levels of
HIV-1 replication so low that there is no transmission to
other people and no progression to AIDS. Though not
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ideal, the latter might be similar to HIV-2 infection,
which does not progress to disease in the majority of
infected people (Marlink et al., 1994). In countries
where drug treatments are not readily or reliably avail-
able, vaccines that do not prevent infection but prolong
its asymptomatic phase may still be of a great benefit.
Such vaccines are also likely to lower the transmission
rate through increasing the threshold of infection.

An effective HIV-1 vaccine may have to stimulate
both neutralizing antibodies and cell-mediated immune
responses and do so both systemically and at mucosal
sites. Seven broadly cross-neutralizing human mono-
clonal antibodies have been isolated, which could pro-
vide sterilizing immunity in monkey challenge models
when passively infused preferentially in a combination
(Ferrantelli and Ruprecht, 2002). However, all efforts to
induce these antibody specificities by active immuniza-
tion have so far failed (Burton et al., 2004a,b).
Nevertheless, induction of HIV-1-neutralizing antibod-
ies is in principle possible and remains an important
goal of the HIV-1 vaccine development. On the other
hand, a few new technologies capable of inducing high
levels of circulating virus-specific CD8+ cytotoxic T
lymphocytes (CTL) in animal models are emerging
(Hanke, 2003) and an increasing number of these are
entering phase I and II clinical trials in adults, the
results of which will become available in the coming
years. Whether antibodies and CTL can be induced effi-
ciently by a ësingleí vaccine, or a combined approach
inducing antibodies and CTL separately will be
required, remains to be seen.

The role of CTL
CTL recognize short 8- to 10-amino acid-long HIV-1-

derived peptides presented by autologous major histo-
compatibility complex (MHC, in humans called HLA)
molecules through their T-cell receptors. Recognition
of these MHC-peptide complexes in the context of the
right accessory signals stimulates naive and precursor
memory CTL to proliferate and express effector func-
tions. These include induction of apoptosis in HIV-1-
infected cells, which limits the production of new
HIV-1 virions, and production of soluble factors that
can suppress HIV-1 replication. The advantage of CTL
over antibodies is that the recognized peptides can orig-
inate from both surface and inner structural and non-
structural HIV-1 proteins. The disadvantage is that CTL
cannot prevent the first wave of cell-free HIV-1 from
infecting host cells. However, once CTL become stim-
ulated by antigen-presenting cells, they produce soluble
factors relatively quickly that can, at least in vitro, pre-
vent HIV-1 from entering cells (Zhang et al., 1996;
Price et al., 1998; Wagner et al., 1998; Stranford et al.,
1999). So under favourable circumstances, CTL may
prevent HIV-1 from spreading and establishing a gener-

alized infection by eliminating the initial small number
of HIV-1-infected cells.

A central role for CTL in the control of HIV-1 infec-
tion is supported by a number of experimental and nat-
ural history data. CTL responses were detected in one
third to one half of exposed, but seronegative subjects
such as commercial sex workers whose cells were fully
susceptible to infection with HIV-1 (Rowland-Jones et
al., 1993; Pinto et al., 1995; Rowland-Jones et al., 1995;
Rowland-Jones et al., 1998; Kaul et al., 2000), infants
born to HIV-1-infected mothers (Cheynier et al., 1992;
Rowland-Jones et al., 1993; Aldhous et al., 1994; De
Maria et al., 1994; Wasik et al., 1997), health care
workers occupationally exposed to HIV-1-contaminat-
ed body fluids (Pinto et al., 1995), haemophiliacs who
received contaminated factor VIII preparations
(Gibbons et al., 1990) and sexual partners of known
HIV-1-infected subjects (Mazzoli et al., 1997; Goh et
al., 1999). Although the precise mechanism of CTL
induction is not well understood, one study found in two
out of 10 studied subjects persisting HIV-1 DNA at lev-
els at least 1000 times below the detection limit of con-
ventional assays (Zhu et al., 2003). In infected
individuals, CTL fail to clear HIV-1 from the body;
however, their appearance and not that of neutralizing
antibodies correlates with the control of the primary
viraemia (Borrow et al., 1994; Koup et al., 1994; Kent
et al., 1997). HIV-1-specific CTL are detected in all
HIV-1-positive asymptomatic individuals (Walker et
al., 1987; Harrer et al., 1996; Ogg et al., 1998) and their
function decreases with the overall collapse of the
immune system reflected by development of oppor-
tunistic infections and AIDS. Depletion of CD8+ T cells
from monkeys before or after a simian immunodefi-
ciency virus (SIV) challenge increases the viral load,
while their subsequent reappearance negates the effect
and brings viraemia back to the pre-treatment level
(Matano et al., 1998; Jin et al., 1999; Schmitz et al.,
1999). Further support for the role of CTL comes from
epidemiological studies implicating HLA in driving
HIV-1 evolution (Moore et al., 2002; Yusim et al.,
2002), as well as associations of rare HLA types with
lower viraemia (Altfeld et al., 2003) and HLA het-
erozygosity with a better clinical outcome (Carrington
et al., 1999).

To maximize any vaccine-induced CTL protection
against HIV-1, virus replication must be controlled early
after exposure. The more is HIV-1 allowed to replicate,
the more variants it generates and the more it damages the
immune system. Thus, to deflect the HIV-1 infection, suf-
ficient numbers of resting, cycling and/or effector CTL
need to be induced and maintained. This may or may not
require persistent vaccine stimulation, regular re-vaccina-
tions or repeated exposure to HIV-1 as suggested by ini-
tially protected, but after-break infected commercial sex
workers (Kaul et al., 2001). The specificity of CTL may
play a significant role, as recognizing early HIV-1

Prospects for a Paediatric HIV-1 VaccineVol. 50 101



proteins of preferably transmitting virus/clade may give
CTL just enough of a head-start to tip the fine balance
between HIV-1 replication and suppression in their favour
(Gallimore et al., 1995; Cafaro et al., 1999; Osterhaus et
al., 1999; Allen et al., 2002; Baalen et al., 2002). Broad
recognition of multiple CTL epitopes (Goulder et al.,
1997; McMichael, 1998; Carrington et al., 1999; Kaslow
et al., 2001) and functionally conserved protein regions
(Kelleher et al., 2001) would make it harder for HIV-1 to
escape. Furthermore, CTL have to kill HIV-1-infected
target cells efficiently and this requires their ëfullí func-
tionality. HLA-peptide tetrameric complexes demonstrat-
ed that specific T cells could be present, but anergized
(Zajac et al., 1998), deficient in perforin (Andersson et al.,
2002) or not fully differentiated (Champagne et al., 2001;
Appay et al., 2002). However, all the immune impair-
ments induced by HIV-1 infection do not affect prophy-
lactic vaccination, which stimulates immunity in healthy
HIV-1-uninfected individuals with an intact immune sys-
tem. Finally, CTL do not act alone. Their action is sup-
ported by CD4+ T-helper, dendritic, B and other cells
involved in the intricate network of interactions leading to
an efficient CTL response.

HIV-1 immune escape
HIV-1ís high replication and mutation rates generate

a population of highly diverse ëquasispeciesí. CTL, just
like antibodies, exert a strong selective pressure, which
suppresses sensitive and allows perhaps less virulent,
but also less targeted HIV-1 variants to overgrow.
Escaping antibodies is easier than escaping CTL,
because the surface envelope has a bigger freedom to
mutate without losing its function (up to 35% of amino
acids can differ among clades) compared to more con-
strained inner proteins. Nevertheless, CTL escape
remains the key to HIV-1 survival and eventual victory
(Klenerman et al., 2002; OíConnor et al., 2002). For a
non-sterilizing vaccine protection, there may be an
opportunity for HIV-1 to escape even after a prolonged
period of control, especially if the immune responses are
focused on a small number of CTL epitopes (Barouch et
al., 2002). However, escape mutations do not become
fixed, but can revert back following a transmission into
a non-selective environment in an HLA-diverse human
population. Thus, HIV-1 does not become invisible to
CTL through accumulation of escape mutations
(Friedrich et al., 2004; Leslie et al., 2004).

It is not known what level and breadth of memory T
cells will an effective vaccine need to elicit to protect
against or significantly reduce the chances of HIV-1
infection. This can be only determined by efficacy trials
in humans involving in adult population thousands of
high-risk volunteers and a considerable expense. For
justification of the first efficacy trials, a minimal level
of vaccine-induced HIV-1-specific memory T cells will
be informed by macaque studies (Barouch et al., 2000),

CTL levels in seronegative HIV-1-exposed individuals
(Rowland-Jones and McMichael, 1995) and vaccine
ability to induce immune responses capable of impos-
ing a selective pressure on break-through HIV-1 infec-
tions in phase IIB proof-of-principle clinical trials in
high-risk volunteers.

The paediatric angle
Compared to adults, infants in the first two years of

life have higher HIV-1 load, higher CD4 cell counts in
the blood, lower HIV-1-specific CTL responses and
faster progression to AIDS (Mo et al., 1998; Luzuriaga
and Sullivan, 2002). The critical issues for paediatric
HIV-1 vaccines and vaccine preventing MTCT in partic-
ular are whether or not neonates have a mature enough
immune system so that they are capable of mounting a
T-cell response to vaccination soon after birth, and how
long it takes for these protective responses to develop.
Although there was a report of defective natural killer
cell-mediated cytotoxicity in newborn babies (Ziegner et al.,
1999), there is ample evidence for a mature CD8 T-cell
responsiveness. In addition to exposed uninfected infants
(Cheynier et al., 1992; Rowland-Jones et al., 1993;
Aldhous et al., 1994; De Maria et al., 1994; Wasik et al.,
1997), HIV-1-specific T-cell responses are considered to
be an important marker of early HIV-1 infection
(Luzuriaga et al., 1995; Pikora et al., 1997; Spiegel et al.,
2000; Scott et al., 2001) and were shown to delay infant
progression to disease (Buseyne et al., 1998; Wasik et al.,
2000; Buseyne et al., 2002). Evidence for early protec-
tive T-cell responses also comes from the findings that
HIV-1-exposed infants were more likely to become
infected with an HIV-1 variant that had escaped motherís
immune responses to shared HLA types (Wilson et al.,
1999; Goulder et al., 2001). Furthermore, even the
human foetus is capable of making mature responses to a
specific pathogen (Marchant et al., 2003), although this
needs to be confirmed for HIV-1. Studies in non-human
primates demonstrated development of a complete reper-
toire of properly organized antigen-presenting cells,
T cells, and B cells as early as the second trimester of
foetal life (Otsyula et al., 1996; Makori et al., 2003; Van
Rompay et al., 2003) and showed that vaccination in
utero and at birth can affect the frequency of transmis-
sion (Makori et al., 2003; Van Rompay et al., 2003). In
any case, newborn vaccinations may have to be com-
bined with chemoprophylaxis or passive antibody
immunoprophylaxis, which would prevent HIV-1 infec-
tion until active protective immunity is established.

The natural history of HIV-1 infection and respon-
siveness to vaccinations differ in adults and young chil-
dren/neonates to such an extent that parallel adult and
paediatric clinical trials are required (Richardson et al.,
2003b). Consequently, some paediatricians feel that
phase I safety in adults are sufficient preliminary data
for vaccine trials in children and call for abandoning the
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requirement to demonstrate prior efficacy in adults.
This requirement not only causes delays in the children
vaccine development, but may miss vaccines ineffective
in adults, but effective in children. Moreover, because
of the large number of infants born at risk of HIV-1
infection and high rate of transmission within the first 6
months of life due to breast-feeding, immunoprophy-
laxis studies in newborns might reach conclusive end-
points in 18 months and therefore accelerate vaccine
development (Safrit et al., 2004). Needless to say that
complex ethical issues have to be resolved.

Conclusion
Focus on T-cell induction is a relatively new concept

in vaccinology as the majority of todayís vaccines work
through induction of antibodies. Although there are
encouraging data from animal models, most of the
novel T-cell vaccine approaches are only now entering
clinical trials in adult humans. These are combinations
of subunit genetic vaccines vectored by DNA, recombi-
nant viruses and bacteria, or formulated as adjuvanted
proteins and peptides. Although translating these data
into children may add some extra years, there is a cause
for a cautious optimism. Letís not forget that most of
the vaccine success stories to date come from children
vaccinations.
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