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Impact of MHC class I diversity on
immune control of immunodeficiency
virus replication
Philip J. R. Goulder*‡§ and David I. Watkins||

Abstract | The recent failure of the T‑cell-based HIV vaccine trial led by Merck & Co., Inc.
prompts the urgent need to refocus on the question of which T‑cell responses are required to
control HIV replication. The well-described association between the expression of particular
MHC class I molecules and successful containment of HIV or, in the macaque model, SIV
replication provide a valuable starting point from which to evaluate more precisely what
might constitute effective CD8+ T‑cell responses. Here, we review recent studies of T‑cellmediated control of HIV and SIV infection, and offer insight for the design of a successful
T‑cell-based HIV vaccine in the future.
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The HIV epidemic continues unabated. In 2007, there
were an estimated 2.5 million new reported cases of
infection and 2.1 million HIV-related deaths (see the
UNAIDS WHO AIDS epidemic update). This brings the
estimated total number of people who have been infected
with HIV since 1981 to 58 million, of whom 25 million
have died. Although antiretroviral therapy has, since the
mid‑1990s, transformed the management and prognosis
of HIV infection in resource-rich countries, only a small
fraction — approximately a quarter (see the AVERT
website) — of HIV-infected people in resource-poor
countries have access to needed antiretroviral therapy.
The demand for an effective HIV vaccine has never been
more urgent, and yet in 2007, the first advanced trials
of a T‑cell-based vaccine were abruptly halted because of
lack of efficacy1. So, it is an opportune moment to reflect
on what is currently known about the immune responses
that can successfully control HIV replication, the extent
to which data from studies of non-human primates
infected with simian immunodeficiency virus (SIV) can
be extrapolated to infection of humans with HIV, and
what the prospects are for a successful HIV vaccine in
the future.
This Review focuses on the central role of MHC
class I alleles in the control of immunodeficiency
virus replication. It is striking that, in a recent wholegenome association study of key determinants for host
control of HIV‑1, the six most highly significant protective determinants were within the MHC region2. We
review the central role of CD8+ T cells in the control of
HIV and SIV replication, the evidence that the impact

of MHC molecules on HIV and SIV disease is substantially mediated by the particular epitope peptides
presented by different MHC class I molecules, and
describe the pre-eminent role of MHC‑B alleles
and CD8+ T‑cell activity directed against the viral protein Gag in the control of HIV and SIV replication. We
examine aspects of the effectiveness or dysfunctional
nature of CD8+ T‑cell activity in HIV infection that
are unrelated or indirectly related to specificity of the
response. Finally, we address the question of whether
HIV is able to adapt to HLA alleles that are currently
associated with control of the virus, and the prospects
for a successful T‑cell-based vaccine against HIV
in the future.

Role of CD8+ T cells in control of HIV replication
During acute HIV infection in adults, the increase in
viraemia to a peak of ~107 HIV RNA copies per ml
of plasma3 is followed by a marked decline over a few
weeks to a median viral setpoint of 30,000 HIV RNA
copies per ml of plasma 4. The temporal association
observed between this 102–103-fold decrease in viral
load and the appearance of HIV-specific CD8+ cytotoxic T lymphocyte (CTL) responses5,6 suggests that
CTLs may be responsible for reducing the levels of
virus at this stage of infection. More direct evidence for
the role of CTLs in mediating the decline in viraemia
during acute infection has come from studies of the
SIV-macaque model in which administration of CD8specific monoclonal antibodies abrogated the decline
in viraemia from its peak level7–9. Short-term infusions
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Viral setpoint
This is the time at which
plasma viraemia settles to a
relatively stable level (within
approximately 3–6 months of
the onset of HIV infection).
Viral setpoint is strongly
predictive of both how quickly
HIV infection will progress and
the risk of HIV transmission.

MHC class I tetramers
Soluble tetrahedral complexes
artificially generated by using
a fluorochrome-coupled avidin
to join four biotinylated MHC
class I molecules with a
peptide of interest and
β2-microglobulin. The resulting
MHC class I tetramers can be
used as reagents to identify
antigen-specific CD8+ T‑cell
populations.

of CD8-specific monoclonal antibodies in animals with
chronic SIV infection led to increased viral load in those
animals in which SIV-associated disease progressed
rapidly (‘progressors’) and in those that controlled
the disease (‘controllers’; also known as long-term non‑
progressors) and also simultaneously reduced the
numbers of SIV-specific CD8+ T cells being monitored
using peptide–MHC class I tetramers7,10,11.
Three additional lines of evidence support the
central role of CD8+ T cells in the control of HIV
infection. First, specific HLA class I molecules are
consistently associated with particular HIV disease
outcomes (see later). Second, more rapid disease progression is observed in individuals with HLA class I
homozygosity12,13. Third, the selection of particular
viral mutants that escape CD8+ T‑cell recognition are
temporally associated with loss of immune control of
infection. Set against these findings are the observations that high-frequency HIV-specific CD8 + T‑cell
responses are usually detectable in HIV-infected individuals who have developed AIDS14,15, that the majority
of HLA class I alleles seem to have little impact on
the disease outcome of HIV infection16 and that most
selected viral escape mutants do not significantly
affect viraemia17. Taken together, these studies lead to
the conclusion that there are differences among CD8+
T‑cell specificities and among HLA class I molecules
that are crucial for effective control of HIV replication
in different individuals. This gives rise to the hypothesis that the HLA class I associations with characteristic
disease outcomes from infectious diseases such as HIV
largely result from the CD8+ T‑cell responses against
the particular pathogen-specific peptides that are
presented by the different HLA class I alleles. Support
for this hypothesis in relation to HIV and SIV is presented
in the next sections.
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The significance of MHC class I polymorphism
The human MHC region, located on the short arm of
chromosome 6, is central to the immune response, as it
encodes proteins that help to distinguish between self
and non-self protein components. Of the three MHC
class I loci in humans (HLA‑A, HLA‑B and HLA‑C),
HLA‑B is the most polymorphic, with 817 different HLA‑B
molecules described, compared to 486 distinct HLA‑A
and 263 distinct HLA‑C molecules (see the IMGT/HLA
database). Indeed, HLA‑B is the most polymorphic locus
on chromosome 6 and in the entire human genome18.
Differences in the frequency of various HLA‑B alleles
in selected populations worldwide are shown in FIG. 1 to
illustrate the extraordinary diversity of distinct human
populations with respect to HLA allele expression.
Almost all of this extensive HLA class I polymorphism is restricted to those residues that line the
peptide-binding groove of these molecules19, thereby
defining the peptides that bind to each HLA molecule.
The significance of HLA class I polymorphism is
that the differences among the various HLA molecules
and the peptides they present are of sufficient functional importance to be subject to Darwinian natural
selection: in short, these differences are a matter of life
and death. Seemingly insignificant, single amino-acid
differences between closely related HLA alleles may
have crucial consequences in terms of outcome from
particular infections. In the setting of HIV infection,
examples include the association of HLA‑B*3502 and
HLA‑B*3503 with rapid disease progression, and a
lack of any such association for HLA‑B*3501, which
differs from HLA‑B*3502 and HLA‑B*3503 by only
three and one amino acid, respectively20–22. These small
changes would be expected to affect the binding of the
C-terminal amino acid of the peptide to the F pocket
of the HLA molecule: the preferred residue for binding
Northwest Russia
B8: 15%
B35: 21%
B42: 0%
B44: 16%
B46: 0%
B52: 4%
B53: 1%
B57: 5%
B58: 4%

Côte d’Ivoire
B8: 4%
B35: 11%
B42: 7%
B44: 9%
B46: 0%
B52: 7%
B53: 42%
B57: 9%
B58: 5%

KwaZulu-Natal
B8: 13%
B35: 4%
B42: 21%
B44: 15%
B46: 0%
B52: 0%
B53: 4%
B57: 7%
B58: 31%

Japan
B8: 0%
B35: 13%
B42: 0%
B44: 15%
B46: 10%
B52: 21%
B53: 0%
B57: 0%
B58: 1%
Thailand
B8: 2%
B35: 4%
B42: 0%
B44: 9%
B46: 29%
B52: 4%
B53: 0%
B57: 3%
B58: 10%

Figure 1 | Diverse distribution of HLA‑B alleles worldwide. HLA class I diversity is illustrated by the prevalence of nine
HLA‑B molecules in eight selected populations (see the allele frequencies website). For simplicity, HLA class I alleles are
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shown by two digits only.
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Figure 3 | Schematic model of immune control of HIV mediated by HLA alleles presenting multiple Gag
epitopes. In HIV-infected individuals with HLA class I alleles that are associated with effective control of the virus (such
as HLA‑B57 and HLA‑B27), Gag-specific responses are generated in acute infection. Wild-type virus-specific-cytotoxic
T lymphocytes (CTLs) recognize virus-infected cells early in the viral life cycle, before Nef-mediated MHC class I
Nature Reviews | Immunology
downregulation. Escape mutations that are typically selected in Gag reduce in vitro viral fitness. Remaining wild-type
virus-specific CTL responses can contain the infection until new escape variants are selected. However, increasing
numbers of costly escape mutations further limit the replicative capacity of the virus, thereby facilitating effective killing
of virus-infected cells by remaining CTLs. TCR, T-cell receptor.

with chronic HIV infection showed that, irrespective
of HLA type, an increasing number of Gag-specific
responses correlated with decreasing viral load; such
a correlation was not observed for non-Gag-specific
responses 17. A study of the CD8 + T‑cell responses
in acute HIV infection similarly showed that Gagspecific T‑cell activity early in the course of infection
was associated with long-term control of HIV replication75. So, a strong consensus that is emerging from
these studies is that in HIV infection, Gag-specific but
not non-Gag-specific CD8+ T‑cell responses in acute and
chronic infection are associated with long-term control
of HIV infection.
Why are Gag-specific T‑cell responses important?
The possible reasons for Gag being of such apparent
importance have been alluded to earlier, namely, that
Gag is highly immunogenic, but also very conserved
in sequence (BOX 1), and hence mutational escape can
often result in a reduction of viral replicative capacity.
In support of this hypothesis are the studies (described

earlier) of immune control following early escape mutations in Gag. In addition, in a recent analysis of 681
chronically infected study subjects in KwaZulu-Natal,
the number of Gag-specific amino-acid polymorphisms
associated with each HLA‑B allele strongly correlated
with the median viral load of individuals expressing
that allele117. Importantly, however, this correlation was
driven purely by Gag mutations that are likely to revert
to the wild-type sequence post-transmission; that is,
those that inflict a fitness cost to the virus. These data
support an earlier, epitope-specific study 76 and suggest an explanation for the well-described association
between particular HLA‑B molecules and characteristic rates of progression to HIV disease (TABLE 1).
Therefore, it is not just the number of Gag epitopes
presented by each allele that is important, but also the
ability of the Gag-specific CD8+ T‑cell response to drive
the selection of escape mutations that have an impact
on viral replication. It is noteworthy that this relationship applies predominantly to HLA‑B alleles and
Gag-specific responses.

624 | august 2008 | volume 8

www.nature.com/reviews/immunol
© 2008 Macmillan Publishers Limited. All rights reserved.

REVIEWS
Box 1 | Viral proteins

Sequence variability between infected individuals

The viral antigen Gag is not a single protein but comprises: the matrix protein Gag p17, which functions in targeting
Gag to the plasma membrane and in nuclear localization of the viral genome; the capsid protein Gag p24, which forms
the central conical core of HIV that encapsulates the viral accessory and regulatory proteins (Vif, Vpr, Vpu, Nef, Tat and
Rev), the Pol proteins (protease (Pro), reverse transcriptase (RT) and integrase (Int)), and the two copies of viral RNA that
are complexed with another Gag protein, Gag p7 (the nucleocapsid; a product of p15 cleavage). In addition, there are
the smaller Gag proteins, p6, p2 and p1.
The viral proteins synthesized early in the viral life cycle are Nef, Tat and Rev. However, recent data indicate that
incoming virus carries sufficiently abundant amounts of Gag and Pol so that these proteins can be processed directly by
antigen-presenting cells, and epitopes derived from them can then be presented by MHC molecules to T cells. So, Gag
and Pol epitopes can be recognized by cytotoxic T lymphocytes (CTLs) some time before de novo synthesis of Nef and
other viral proteins. This may be particularly important because Nef downregulates the expression of MHC class I
molecules (HLA‑A and HLA‑B, but not HLA‑C), thereby making virus-infected cells more difficult for HLA‑A- and HLA‑Brestricted CTLs to recognize and kill.
In a single virus particle, Gag is present at approximately 20-fold higher levels than Pol. Gag (495 amino acids) is also the
most immunogenic of the HIV proteins, followed by Pol (1,001 amino acids) and Nef (206 amino acids). The most conserved
(that is, which shows the least sequence
0.75
variability in viruses isolated from
different infected individuals) HIV
proteins are p24 Gag (capsid) and the Pol
proteins (see figure). Nef is relatively
variable and Env (gp120) is the most
0.50
variable protein. The best examples of
selected mutations that reduce viral
replicative capacity arise in the conserved
proteins: p24 Gag (CTL escape mutations)
and RT and protease (antiretroviral-drug0.25
resistant mutations). Although there are
conserved regions in all the HIV proteins,
it is more likely that escape mutations in
variable proteins, such as Nef or Env,
would result in minimal cost to the virus.
Data in the figure are taken from REF. 17
0.00
p17 p24 p15 Pro RT Int Vif Vpr Vpu Rev Tat gp120 gp41 Nef
and feature 410 18mer peptides spanning
HIV protein
the HIV clade C proteome.

Bw4 motif
The amino-acid sequences
at positions 77–83 in the
α1 domain of the HLA class I
heavy chain. There are four
Bw4 motif sequences, which
differ only at positions 77
(asparagine, aspartate or
serine) and 80 (isoleucine or
threonine). The Bw4 motif is
involved in the recognition of
certain HLA alleles by killer
immunoglobulin-like receptors.

A complementary study carried out in a cohort of
study subjects with acute HIV infection in Zambia77
showed that reaching the viral setpoint early in the
course of infection was strongly related to the number
of mutations in HLA‑B-restricted Gag epitopes in the
transmitted virus. The implication from this and a
similar study undertaken in South Africa78 is that an
increasing number of Gag mutations decreases viral
replicative capacity, which is supported by studies of the
SIV-Burmese-macaque model (referred to earlier)42–45.
A recent longitudinal study of HIV-infected individuals
showed that decreasing viral replicative capacity over
the course of the infection is associated with slow progression to disease, although in this case this was not
attributable to epitope mutations in Gag79.
A second reason why Gag may be an important target
for CD8+ T cells is that Gag-specific CD8+ T cells may
be able to recognize and kill virus-infected cells sooner
after infection than non-Gag-specific CD8+ T cells can.
Recent studies show that Gag-specific CD8 + T cells
recognize SIV-infected targets within 2 hours of infection, whereas Tat‑, Env- and Nef-specific CD8+ T cells
only recognize virus-infected target cells following
de novo synthesis of viral proteins80,81. The significance
of this is that Gag-specific CD8+ T cells have a window of
approximately 10 hours between expression of Gag on
the cell surface and the impact of newly synthesized

Nef‑mediated downregulation of MHC class I moleNature Reviews | Immunology
cules80. It is of interest that the same investigators showed
+
that Pol-specific CD8 T cells also recognize SIV-infected
cells within 2 hours of infection and can eliminate virusinfected cells by 6 hours post-infection, before MHC
class I downregulation81. Pol might therefore be an
important target for vaccine design, although it seems to
be less important in natural infection. A potential explanation for the difference in importance between Gag
and Pol in natural infection is the 20-fold higher level of
expression of Gag compared to Pol82,83, the large amount
of Gag within mature virus particles (1,000–1,500 capsid
molecules in each mature virion)84 and the consequent
immunodominance of Gag-specific responses in most
subjects who show effective control of HIV replication.
Why are HLA‑B-restricted T‑cell responses important?
The explanation for the central role of HLA‑B, compared
with HLA‑A and HLA‑C, in the control of HIV replication is even less clear. One possibility relates to the fact that
natural killer (NK) cells express killer immunoglobulinlike receptors (KIRs) that recognize MHC class I molecules85. It has been noted that the HLA class I alleles
that are most strongly associated with control of HIV
are those that contain the Bw4 motif (a ligand for KIRs),
and it is becoming increasingly clear that certain combinations of HLA‑B alleles (those Bw4-motif-positive
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alleles that have an isoleucine at residue 80) and KIR
allotypes (the activating receptor KIR3DS1 or high
expression of the inhibitory receptor KIR3DL1) are
associated with slower progression to HIV disease85.
However, it is also evident from these analyses that the
association of HLA class I alleles, such as HLA‑B*57 and
HLA‑B*27, with control of viraemia is independent of
KIRs, although interactions of these and other HLA‑B
alleles do have important additional consequences for
viral setpoint86.
A second possibility is that HLA‑B-restricted CD8+
T‑cell responses are more polyfunctional (on the basis
of cytokine production and proliferative capacity) than
HLA‑A- or HLA‑C-restricted T‑cell responses, even
when the same peptide is presented87. Why this might
be the case remains unclear, and this does not provide an
explanation for why HLA‑B alleles such as HLA‑B*3502
or HLA‑B*5802 are associated with high viral setpoints.
It is clear that a greater diversity of peptides can be presented by HLA‑B compared with HLA‑A alleles (FIG. 2),
and it could be that, by chance, the alleles presenting the
most Gag epitopes are likely to be HLA‑B alleles88.
Is HLA‑C unimportant? The role of HLA‑C-restricted
CD8 + T cells remains obscure. In a genome-wide
association study of key determinants of host control
of HIV‑1, the two strongest determinants were a polymorphism (rs2395029) in complete linkage disequilibrium
with HLA‑B*5701, explaining 9.6% of variation in viral
setpoint and a polymorphism (rs9264942) in the region
of the HLA‑C locus, explaining 6.5% of the variation in
viral setpoint3. The HLA‑C polymorphism is strongly
associated with differences in expression of HLA‑C
alleles, higher expression being associated with lower
viral setpoint. However, it is uncertain whether this
HLA‑C-related effect is mediated by a gene in linkage
disequilibrium with the identified polymorphism, as is
the case for HLA‑B*5701. The potential role of HLA‑C
in low viral setpoint has previously been raised following
the finding that Nef-mediated downregulation of MHC
class I molecules only applies to HLA‑A and HLA‑B
alleles89, suggesting a mechanism by which HIV could
evade both CD8+ T‑cell responses (by downregulation
of HLA‑A and HLA‑B expression) and NK‑cell activity (by lack of downregulation of HLA‑C expression).
Although HLA‑C-restricted CD8 + T‑cell responses
represent a relatively small minority — approximately
12% — of the total number of HIV-specific CD8+ T‑cell
responses17, there is evidence that some HLA‑C alleles
are associated with lower levels of viraemia independent
of linkage disequilibrium with HLA‑B alleles (A. J. Leslie,
unpublished observations), and that, similar to HLA‑B
alleles, these HLA‑C associations with particular viral
setpoints are related to the selection of escape mutations
that inflict a fitness cost on the virus76.
Linkage disequilibrium
The non-random association of
alleles from two independent
loci, owing to their close
physical proximity and a lack
of recombination between
them.

Polyfunctionality of effective CD8+ T cells
Alternative or additional features of CD8 + T‑cell
responses that explain distinct rates of HIV disease progression are qualitative differences that are unrelated to
T‑cell specificity. The crucial role of HIV‑specific CD4+

T-cell activity has been highlighted90,91, as has the presence of polyfunctional CD8+ T cells that are capable of
producing not only interferon‑γ following contact with
the cognate-peptide–MHC complex, but also other
cytokines, such as interleukin‑2, chemokines, such as
CC‑chemokine ligand 5, which is capable of blocking
viral entry through the HIV co-receptor CC‑chemokine
receptor 5, granzymes and perforin, which are capable
of mediating cytotoxicity, and other factors that are
capable of inducing proliferative activity92,93. Typically,
HIV-specific CD8 + T cells from infected individuals who have low viral loads are polyfunctional and
can carry out most or all of these effector functions.
Conversely, HIV-infected subjects with high viral loads
tend to have HIV-specific CD8+ T cells that are capable
of few of these normal effector functions and, at the
extreme of the spectrum, their dysfunctionality might
be reflected by the expression of PD1 (programmed cell
death 1), a marker of T‑cell exhaustion94–97. Similar to
CTLA4 (cytotoxic T‑lymphocyte antigen 4), PD1 is a
member of the B7–CD28 family of immunoregulatory
molecules, the expression of which is designed to
prevent overactivation of the immune response and
consequent autoimmunity. PD1 is expressed at particularly high levels by HIV-specific CD8 + and CD4+
T cells, the level of expression being directly related
to viral load and inversely related to absolute CD4+
T‑cell numbers. Similarly, CTLA4 is expressed at high
levels by HIV-specific CD4+ T cells98. Blockade of the
PD1 pathway through the use of antibody against PD1
ligand 1 (PDL1), and blockade of the CTLA4 pathway through the use of a CTLA4-specific antibody,
demonstrates the reversibility of these defects and
the potential for immunotherapy in HIV-infected
subjects96,98. In common with all the studies described
earlier, which have identified correlates of protective
immunity against HIV disease progression, there is the
difficulty in distinguishing cause and effect. However,
in mice infected with lymphocytic choriomeningitis
virus, in which exhausted CD8+ T cells express PD1,
blockade of the PD1–PDL1 pathway restored the ability
of the CD8+ T cells to undergo proliferation, secrete
cytokines, kill virus-infected cells and decrease viral
load94. So, there is a rationale to suggest that reducing
PD1 expression could similarly improve CD8+ T‑cell
function and bring about improved control of viraemia
in HIV infection.

Can HIV adapt to HLA-associated control?
One clear attraction of investigating the HLA class I
associations with HIV disease outcomes is that the
direction of causality is unequivocal. However, an
important question is to what extent these associations
will persist or whether the virus over time and/or in
different localities, might be able to adapt to HLA
alleles that were previously associated with control of
HIV infection. This is a question of more than just academic interest as, if HIV is capable of adapting to the
immune responses that currently mediate control of
viraemia, vaccines inducing these immune responses
will not be effective.
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alleles that have an isoleucine at residue 80) and KIR
allotypes (the activating receptor KIR3DS1 or high
expression of the inhibitory receptor KIR3DL1) are
associated with slower progression to HIV disease85.
However, it is also evident from these analyses that the
association of HLA class I alleles, such as HLA‑B*57 and
HLA‑B*27, with control of viraemia is independent of
KIRs, although interactions of these and other HLA‑B
alleles do have important additional consequences for
viral setpoint86.
A second possibility is that HLA‑B-restricted CD8+
T‑cell responses are more polyfunctional (on the basis
of cytokine production and proliferative capacity) than
HLA‑A- or HLA‑C-restricted T‑cell responses, even
when the same peptide is presented87. Why this might
be the case remains unclear, and this does not provide an
explanation for why HLA‑B alleles such as HLA‑B*3502
or HLA‑B*5802 are associated with high viral setpoints.
It is clear that a greater diversity of peptides can be presented by HLA‑B compared with HLA‑A alleles (FIG. 2),
and it could be that, by chance, the alleles presenting the
most Gag epitopes are likely to be HLA‑B alleles88.
Is HLA‑C unimportant? The role of HLA‑C-restricted
CD8 + T cells remains obscure. In a genome-wide
association study of key determinants of host control
of HIV‑1, the two strongest determinants were a polymorphism (rs2395029) in complete linkage disequilibrium
with HLA‑B*5701, explaining 9.6% of variation in viral
setpoint and a polymorphism (rs9264942) in the region
of the HLA‑C locus, explaining 6.5% of the variation in
viral setpoint3. The HLA‑C polymorphism is strongly
associated with differences in expression of HLA‑C
alleles, higher expression being associated with lower
viral setpoint. However, it is uncertain whether this
HLA‑C-related effect is mediated by a gene in linkage
disequilibrium with the identified polymorphism, as is
the case for HLA‑B*5701. The potential role of HLA‑C
in low viral setpoint has previously been raised following
the finding that Nef-mediated downregulation of MHC
class I molecules only applies to HLA‑A and HLA‑B
alleles89, suggesting a mechanism by which HIV could
evade both CD8+ T‑cell responses (by downregulation
of HLA‑A and HLA‑B expression) and NK‑cell activity (by lack of downregulation of HLA‑C expression).
Although HLA‑C-restricted CD8 + T‑cell responses
represent a relatively small minority — approximately
12% — of the total number of HIV-specific CD8+ T‑cell
responses17, there is evidence that some HLA‑C alleles
are associated with lower levels of viraemia independent
of linkage disequilibrium with HLA‑B alleles (A. J. Leslie,
unpublished observations), and that, similar to HLA‑B
alleles, these HLA‑C associations with particular viral
setpoints are related to the selection of escape mutations
that inflict a fitness cost on the virus76.
Linkage disequilibrium
The non-random association of
alleles from two independent
loci, owing to their close
physical proximity and a lack
of recombination between
them.

Polyfunctionality of effective CD8+ T cells
Alternative or additional features of CD8 + T‑cell
responses that explain distinct rates of HIV disease progression are qualitative differences that are unrelated to
T‑cell specificity. The crucial role of HIV‑specific CD4+

T-cell activity has been highlighted90,91, as has the presence of polyfunctional CD8+ T cells that are capable of
producing not only interferon‑γ following contact with
the cognate-peptide–MHC complex, but also other
cytokines, such as interleukin‑2, chemokines, such as
CC‑chemokine ligand 5, which is capable of blocking
viral entry through the HIV co-receptor CC‑chemokine
receptor 5, granzymes and perforin, which are capable
of mediating cytotoxicity, and other factors that are
capable of inducing proliferative activity92,93. Typically,
HIV-specific CD8 + T cells from infected individuals who have low viral loads are polyfunctional and
can carry out most or all of these effector functions.
Conversely, HIV-infected subjects with high viral loads
tend to have HIV-specific CD8+ T cells that are capable
of few of these normal effector functions and, at the
extreme of the spectrum, their dysfunctionality might
be reflected by the expression of PD1 (programmed cell
death 1), a marker of T‑cell exhaustion94–97. Similar to
CTLA4 (cytotoxic T‑lymphocyte antigen 4), PD1 is a
member of the B7–CD28 family of immunoregulatory
molecules, the expression of which is designed to
prevent overactivation of the immune response and
consequent autoimmunity. PD1 is expressed at particularly high levels by HIV-specific CD8 + and CD4+
T cells, the level of expression being directly related
to viral load and inversely related to absolute CD4+
T‑cell numbers. Similarly, CTLA4 is expressed at high
levels by HIV-specific CD4+ T cells98. Blockade of the
PD1 pathway through the use of antibody against PD1
ligand 1 (PDL1), and blockade of the CTLA4 pathway through the use of a CTLA4-specific antibody,
demonstrates the reversibility of these defects and
the potential for immunotherapy in HIV-infected
subjects96,98. In common with all the studies described
earlier, which have identified correlates of protective
immunity against HIV disease progression, there is the
difficulty in distinguishing cause and effect. However,
in mice infected with lymphocytic choriomeningitis
virus, in which exhausted CD8+ T cells express PD1,
blockade of the PD1–PDL1 pathway restored the ability
of the CD8+ T cells to undergo proliferation, secrete
cytokines, kill virus-infected cells and decrease viral
load94. So, there is a rationale to suggest that reducing
PD1 expression could similarly improve CD8+ T‑cell
function and bring about improved control of viraemia
in HIV infection.

Can HIV adapt to HLA-associated control?
One clear attraction of investigating the HLA class I
associations with HIV disease outcomes is that the
direction of causality is unequivocal. However, an
important question is to what extent these associations
will persist or whether the virus over time and/or in
different localities, might be able to adapt to HLA
alleles that were previously associated with control of
HIV infection. This is a question of more than just academic interest as, if HIV is capable of adapting to the
immune responses that currently mediate control of
viraemia, vaccines inducing these immune responses
will not be effective.
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tal and host genetic factors. In general, many genetic loci
make modest contributions to human disease susceptibility
(i.e., these diseases are genetically “complex”), and much of
the recent focus in the field has been on the identification of
functional variants at these loci and their effects in infection
and in other conditions. Now that the complexity of the
human genome is understood in greater detail and the molecular basis of innate and acquired immunity is becoming
clearer, it is reasonable to ask whether the classical HLA
loci still stand out as major genes that determine susceptibility to infectious disease.
Table 1 and Tables S1 to S8 in the supplemental material
indicate that there are currently many more papers reporting positive genetic associations between classical HLA loci
and major infectious diseases (human immunodeficiency virus [HIV]/AIDS, hepatitis, leprosy, tuberculosis, malaria,
leishmaniasis, and schistosomiasis) than reporting negative
results. However, there are many caveats to the interpretation of these data, not the least of which is publication bias
(more positive results than negative results tend to be accepted for publication), heterogeneity in clinical phenotypes
and populations studied, and small sample sizes. Here we
put some of these infectious disease studies into the context
of the postgenomic era, concentrating on examples of viral
(HIV/AIDS and hepatitis B and C viruses), bacterial (lep-

INTRODUCTION
Infection is one of the leading causes of human mortality
and morbidity, with much of the burden falling on children
(27). Infectious diseases are a major selective pressure (60,
147, 161, 171), and genes involved in the immune response are
the most numerous and the most diverse in the human genome
(115), reflecting the evolutionary advantages of a diverse immunological response to a wide range of infectious pathogens
(14). Following their discovery in the 1970s (159), classical
human leukocyte antigen (HLA) loci have stood out as the
leading candidates for infectious disease susceptibility. The
original hypothesis to account for the extreme variability
observed at classical HLA (H-2 in mice) loci, proposed by
Zinkernagel and Doherty (52, 181, 182), was that the major
selective force was from infectious diseases, particularly viral infections. Susceptibility to infection and many other
human diseases (including diabetes and ischemic heart disease) arises through the complex interaction of environmen* Corresponding author. Mailing address: Telethon Institute for
Child Health Research, P.O. Box 855, West Perth, Western Australia,
Australia 6872. Phone: 61 8 94897910. Fax: 61 8 9489 7700. E-mail:
jmb37@cam.ac.uk.
† Supplemental material for this article is available at http://cmr.asm
.org/.
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TABLE 1. Summary of numbers of publications reporting positive and negative HLA/MHC associations with major infectious diseases
No. of studies reporting association with:
Disease

a

Type of
associationb

Class I

Class III

Class II

A

C

B

LTA

TNF

DR

DQ

TAPs

⫹
⫺

4
3

4
4

9
6

1
1

7
4

6
5

1

2

Progression

⫹
⫺

5
1

2
1

25
4

12

6

Transmission

⫹
⫺

2
1

1

3
1

5
1

2
1

⫹
⫺

6
2

1

6
2

5
1

19
2

10
2

⫹
⫺

7
2

9
2

9
2

1
1

1
5

23
2

16
2

2
1

⫹
⫺

7
2

4
2

9
3

4
2

8
3

25
1

11
1

1

Lepromatous

⫹

2

4

3

7

2

Tuberculoid

⫹

1

1

1

3

10

2

1

⫹
⫺

4
4

1
2

6
4

2

3
5

23
2

14
2

1
2

12
5

7

4

1
1
2

2
3

5
2

3
1

4

4

HIV
Infection

Hepatitis B virus infection
Hepatitis C virus infection

Leprosyc
All

Tuberculosis

Malaria

⫹
⫺

5

Leishmaniasis

⫹
⫺

3
1

Schistosomiasis (pathology)

⫹
⫺

5
1

a
b
c

3
2

2

3
1
8
2

1

2

Details of all studies appear in Tables S1 to S8 in the supplemental material.
⫹, positive; ⫺, negative.
Data for the specific subtype of leprosy, i.e., lepromatous versus tuberculoid ends of spectrum, are given when available. Many studies reported leprosy per se only.

rosy and tuberculosis), and parasitic (malaria, leishmaniasis,
and schistosomiasis) infections, for which large numbers of
studies indicate that HLA association may be real (Table 1)
and among which interesting functional comparisons can be
made. We also consider the influence that classical HLA
molecules have on vaccine design and in determining responses to vaccines and some therapies against infection.
Finally, we suggest some guidelines for future studies that
are necessary to evaluate more completely the role of HLA
in infectious disease.
GENE ENVIRONMENT OF CLASSICAL HLA LOCI
The classical HLA loci are the class I (HLA-A, -B, -C, -E, -F,
and -G) and class II (HLA-DR, -DQ, -DM, and -DP) molecules identified for their role in presentation of antigen to

CD8⫹ and CD4⫹ T cells, respectively. They are encoded by a
4-Mb region of human chromosome 6p21 that is recognized as
the most variable region in the human genome (72) and which
has been designated the major histocompatibility complex
(MHC) because of the important role played by class I and
class II molecules in recognition of self versus nonself. Genes
within the MHC play key roles in transplant immunity, as well
as in susceptibility to a large range of diseases (see, for example, Table 1 in reference 88), including many autoimmune and
infectious diseases. While their role in presentation of antigen
to T cells initially set these molecules firmly as initiating (effectors) and maintaining (memory) acquired T-cell immunity,
it became apparent that class I molecules could also be recognized by killer cell immunoglobulin-like receptor (KIR) molecules on the surface of natural killer (NK) cells (88). This
created an additional role for classical HLA molecules in driv-
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FIG. 1. Diagrammatic view of the locations of genes encoding classical HLA class I (HLA-A, -B, -C, -E, -F, and -G) and class II (DR,
DQ, DP, and DM) molecules in relation to other candidate immune
response genes (class III region, as well as TAP genes within the class
II region) mentioned in this review or in Tables S1 to S7 in the
supplemental material. A complete picture of all the genes now annotated
for the MHC (73) is provided at http://www.nature.com/nrg/journal
/v5/n12/poster/MHCmap/poster.pdf.

ing the innate immune response. Engagement of KIRs by class
I molecules provides positive or negative signals to natural
killer cells through, respectively, immunoreceptor tyrosine-based
activating motifs (ITAM) or immunoreceptor tyrosine-based inhibitory motifs (ITIM) that reside within KIR molecules. Although HLA and KIRs are located on different chromosomes
and are therefore inherited independently, both are highly
polymorphic, and there is great potential for certain combinations of class I and KIR alleles to result in beneficial or deleterious interactions. Such gene-gene interaction is known as
epistasis (88). As more details of the MHC emerged, many
other genes whose products regulate aspects of innate immunity, notably complement factors C2 and C4B, tumor necrosis
factor (TNF) (gene TNF), and lymphotoxin-␣ (gene LTA),
were also found to lie within the MHC. This led to subdivision
of the MHC into class I, class III, and class II regions (moving
from telomere to centromere on 6p21 [Fig. 1]). The first complete sequence and gene map of the MHC derived from a
single homozygous individual was published in 1999 (119a).
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The latest annotations based on sequence analysis across
eight different homozygous MHC haplotypes (72) identified
⬎44,000 variations, both single-nucleotide polymorphisms
(SNPs) and insertion/deletions (indels), and confirmed the
presence of ⬎300 loci, including ⬎160 protein-coding genes
(Fig. 1). Across the region, the average SNP density varies
from 1 to ⬎60 SNPs per kb; the highly polymorphic regions
are mainly in the class I and class II genes.
The location of genes encoding classical HLA molecules in
close proximity to so many other immune-related genes poses
huge problems in trying to tease out the critical genetic/functional variants that might play a role in complex diseases such
as autoimmune and infectious diseases. Hence, although numerous studies have demonstrated an association between
HLA alleles and disease susceptibility, interpretation of the
data is confounded by the strong correlation (linkage disequilibrium [LD] [see glossary of terms in the supplemental material; for additional useful information, see references 30, 32,
103, and 104]) between alleles at neighboring HLA and nonHLA genes. Recognizing this problem, the MHC Haplotype
Consortium was formed in 2000 in an attempt to determine
fully informative polymorphism and haplotype maps and to
make these publicly available as a resource for the study
of MHC-linked diseases (http://www.sanger.ac.uk/HGP/Chr6
/MHC/). Incremental data and tools released (6, 73, 119a, 155,
166) have contributed toward the construction of a high-resolution LD map and a first generation of HLA tag SNPs (see
glossary of terms in the supplemental material) (48). One objective was the possibility of replacing traditional HLA typing
techniques with tag SNPs, as high levels of LD between HLA
alleles and SNPs/indels in non-HLA genes may make the latter
informative about the former, an approach used successfully
elsewhere in the genome (12, 40, 63). However, noticeable
differences occur between the reference populations, i.e., African (YRI), European (CEU), Chinese (CHB), and Japanese
(JPT). The inferred haplotype structure across the region
shows that LD is systematically higher in CEU, CHB, and JPT
samples than in YRI samples. However, this generalization is
not true of all specific HLA alleles; for example, the HLAC*0702 allele has many SNPs in moderate to strong LD in YRI
and CEU extending over several Mb, whereas in CHB and
JPT, strongly associated SNPs are only found within 50 kb of
the gene. In contrast, HLA-C*0304 is not strongly associated
with any single SNP in any of the four populations. This means
that although tagging of certain common HLA alleles may be
straightforward in some populations, tag SNPs will differ between populations, and pairwise associations to a single tag
SNP are unlikely to be sufficiently informative. Instead, haplotypes of multiple SNPs are needed to tag a specific HLA
allele. In practice, genotyping of a large number of SNPs across
the MHC, for example, using SNP chip technology, is likely to
provide useful information to help localize disease susceptibility loci within the MHC. However, this will not necessarily
provide sufficient information to make an association with a
particular functional variant in an HLA molecule itself. This
means that uncovering the molecular basis of disease for classical class I and class II loci, i.e., the specific (single) amino acid
difference(s) that may alter antigen recognition (15, 49, 179),
will almost certainly require specific sequence-based typing of
specific HLA alleles. This poses the additional problem of
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in genetically isolated populations (27). These observations in
and of themselves point to a major role for classical HLA loci
in determining susceptibility to viral infections. This is borne
out by association signals obtained using a GWAS approach
(56), albeit not with the same level of statistical significance for
reduction in viral load in HIV/AIDS (P ⫽ 9.36 ⫻ 10⫺12) as that
observed for T1D (P ⫽ 4.0 ⫻ 10⫺116). Nevertheless, the most
convincing associations between classical class I and class II
HLA alleles and infectious diseases have been reported for
chronic viral infections, reflecting their global importance and,
presumably, the logistics of recruiting enough subjects to obtain the necessary sample sizes of sufficient power. HIV type 1
(HIV-1) and hepatitis B and C virus infections have been most
extensively investigated, with a number of studies having adequate power to allow consistent conclusions to be drawn. As in
all association studies, especially those of infectious diseases,
the definition of the clinical phenotype is critical. For example,
for HIV infection various genetic factors, including those
within the MHC, have been associated with overall susceptibility to infection, the risk of vertical transmission from mother
to child, the risk of horizontal transmission between HIVdiscordant couples, the rate of progression to an AIDS-defining illness once infected, and the risk of severe reactions to
specific anti-HIV treatment (see Table S1 in the supplemental
material) (96, 137).
In contrast to the case for many bacterial and parasitic
infections, an effective host response against viruses that
breach early innate defenses relies heavily on HLA-restricted
T-cell responses, with effective presentation of viral epitopes
by dendritic cells to CD8⫹ T lymphocytes through class I HLA
and to CD4⫹ T lymphocytes through class II HLA. HLA class
I presentation leads to the clonal expansion of HLA-restricted
CD8⫹ cytotoxic T lymphocytes (CTL), and the CTL response
is central to antiviral defense during acute infection. Memory
CTL are involved in the immune response to latent reinfection
and reactivation (170). CD4⫹ T lymphocytes augment CTL
responses and provide T-cell help to the generation of specific
antiviral antibodies.
HLA and HIV. The HIVs (HIV-1 and HIV-2) are relatively
recent human pathogens that have evolved from lentiviruses of
African primates and continue to evolve rapidly, frustrating
attempts to develop protective vaccines (65). The HIV and
HLA data are among the most convincing and intriguing in
human infection and probably offer the most immediate prospect of harnessing genetic association studies to develop novel
interventions. In addition to a number of associations between
HLA and clinical phenotypes and response to treatment, these
data also demonstrate the profound effects of HLA restriction
on HIV variants that elude immunological control. The HIV/
HLA studies also provide mechanistic insights into the interaction of HLA molecules and the NK cell receptors.
HIV infects CD4⫹ T cells using a number of cofactors to
gain entry into host cells. A functional polymorphism resulting
in a deletion of a key cofactor, the chemokine receptor CCR5,
results in protection against HIV infection in homozygotes and
slower disease progression in heterozygotes (111, 115). However, once HIV has evaded innate defenses, control of HIV
infection relies on HLA-restricted CTL responses, which exert
a strong inhibitory effect on viral replication and growth (117).
There is therefore strong evolutionary pressure for the devel-
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opment of HIV variants (termed “escape mutants”) that are
able to evade the CTL response (33). Variation in the immunologically dominant epitopes of HIV is one of the major
barriers to the development of an HIV vaccine, especially
vaccines that rely on protective CTL responses (19). Selection
for amino acid sequence variants at HIV epitopes may lead to
immunological escape by a variety of mechanisms: interfering
with epitope-HLA binding, reducing T-cell receptor recognition, or generating antagonistic CTL responses (128). This
CTL-driven selection of escape mutants occurs rapidly in simian models of HIV (55). In human populations, amino acid
sequence variants of the HIV pol protein have been shown to
be partly dependent on the HLA class I alleles of the infected
individuals (128). The degree of HLA-associated selection of
HIV sequence is predictive of HIV viral load, a marker of
disease progression (24, 128).
Immunological escape by HIV is, however, constrained by
the functional or structural implications of variation of a particular epitope for viral survival (117). Individuals with HLA
alleles that preferentially select regions of HIV proteins that
less readily mutate, because of their effects on viral fitness,
would therefore be expected to have better outcomes when
infected with HIV, as the potential for the development of
escape mutants is reduced (65). This is illustrated by HLAB*27, which recognizes a conserved epitope from the p24 HIV
capsid protein and is associated with significantly improved
survival in HIV-infected individuals (who are termed “elite
suppressors”). These individuals may maintain high CD4
counts and low-level viremia without antiretroviral therapy
(17). Interestingly, non-HLA-matched individuals infected
with HIV escape variants that appear to have been selected by
previous HLA-B*27 restriction also show lower viral load and
greater CD4 counts, indicating that HLA restriction of escape
mutants that comes at a cost to viral fitness may shape viral
evolution and attenuate viral survival (38). Conversely, certain
other HLA class I types are associated with rapid disease
progression in HIV. HLA-B*35-restricted escape mutants may
affect the recognition of CTL by reducing both peptide binding
and T-cell receptor recognition, and HLA-B*35 subtypes are
associated with rapid HIV disease progression (164). A recently published GWAS of HIV in nonprogressors has highlighted the complex putative roles of multiple genes within the
MHC, including HLA (100).
HLA class I alleles also interact with NK cells, which are
central components of innate defense against virally infected
cells. Regulation of NK cell activity is complex and mediated in
part by inhibitory and activating signals through KIRs. Specific
KIRs interact with specific HLA class I ligands, and if the KIR
contains an activating allotype, this results in increased NK cell
effector function, with release of perforin, granzyme, and
gamma interferon (167). Studies of HIV infection suggest that
the protective effects of the HLA-Bw4 cluster, which contains
HLA-B*27, may be partly due to epistatic (gene-gene) interaction between HLA and KIRs. An activating KIR allele
(KIR3DS1), in combination with a subset of the HLA-Bw4
cluster (HLA-Bw4Ile80), is associated with delayed progression to AIDS. If KIR3DS1 is absent, the HLA-B allele is not
protective, and if the specific HLA-B alleles are absent,
KIR3DS1 is associated with more rapid progression to AIDSdefining illnesses (112, 113). The compound HLA-B/KIR ge-
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in genetically isolated populations (27). These observations in
and of themselves point to a major role for classical HLA loci
in determining susceptibility to viral infections. This is borne
out by association signals obtained using a GWAS approach
(56), albeit not with the same level of statistical significance for
reduction in viral load in HIV/AIDS (P ⫽ 9.36 ⫻ 10⫺12) as that
observed for T1D (P ⫽ 4.0 ⫻ 10⫺116). Nevertheless, the most
convincing associations between classical class I and class II
HLA alleles and infectious diseases have been reported for
chronic viral infections, reflecting their global importance and,
presumably, the logistics of recruiting enough subjects to obtain the necessary sample sizes of sufficient power. HIV type 1
(HIV-1) and hepatitis B and C virus infections have been most
extensively investigated, with a number of studies having adequate power to allow consistent conclusions to be drawn. As in
all association studies, especially those of infectious diseases,
the definition of the clinical phenotype is critical. For example,
for HIV infection various genetic factors, including those
within the MHC, have been associated with overall susceptibility to infection, the risk of vertical transmission from mother
to child, the risk of horizontal transmission between HIVdiscordant couples, the rate of progression to an AIDS-defining illness once infected, and the risk of severe reactions to
specific anti-HIV treatment (see Table S1 in the supplemental
material) (96, 137).
In contrast to the case for many bacterial and parasitic
infections, an effective host response against viruses that
breach early innate defenses relies heavily on HLA-restricted
T-cell responses, with effective presentation of viral epitopes
by dendritic cells to CD8⫹ T lymphocytes through class I HLA
and to CD4⫹ T lymphocytes through class II HLA. HLA class
I presentation leads to the clonal expansion of HLA-restricted
CD8⫹ cytotoxic T lymphocytes (CTL), and the CTL response
is central to antiviral defense during acute infection. Memory
CTL are involved in the immune response to latent reinfection
and reactivation (170). CD4⫹ T lymphocytes augment CTL
responses and provide T-cell help to the generation of specific
antiviral antibodies.
HLA and HIV. The HIVs (HIV-1 and HIV-2) are relatively
recent human pathogens that have evolved from lentiviruses of
African primates and continue to evolve rapidly, frustrating
attempts to develop protective vaccines (65). The HIV and
HLA data are among the most convincing and intriguing in
human infection and probably offer the most immediate prospect of harnessing genetic association studies to develop novel
interventions. In addition to a number of associations between
HLA and clinical phenotypes and response to treatment, these
data also demonstrate the profound effects of HLA restriction
on HIV variants that elude immunological control. The HIV/
HLA studies also provide mechanistic insights into the interaction of HLA molecules and the NK cell receptors.
HIV infects CD4⫹ T cells using a number of cofactors to
gain entry into host cells. A functional polymorphism resulting
in a deletion of a key cofactor, the chemokine receptor CCR5,
results in protection against HIV infection in homozygotes and
slower disease progression in heterozygotes (111, 115). However, once HIV has evaded innate defenses, control of HIV
infection relies on HLA-restricted CTL responses, which exert
a strong inhibitory effect on viral replication and growth (117).
There is therefore strong evolutionary pressure for the devel-
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opment of HIV variants (termed “escape mutants”) that are
able to evade the CTL response (33). Variation in the immunologically dominant epitopes of HIV is one of the major
barriers to the development of an HIV vaccine, especially
vaccines that rely on protective CTL responses (19). Selection
for amino acid sequence variants at HIV epitopes may lead to
immunological escape by a variety of mechanisms: interfering
with epitope-HLA binding, reducing T-cell receptor recognition, or generating antagonistic CTL responses (128). This
CTL-driven selection of escape mutants occurs rapidly in simian models of HIV (55). In human populations, amino acid
sequence variants of the HIV pol protein have been shown to
be partly dependent on the HLA class I alleles of the infected
individuals (128). The degree of HLA-associated selection of
HIV sequence is predictive of HIV viral load, a marker of
disease progression (24, 128).
Immunological escape by HIV is, however, constrained by
the functional or structural implications of variation of a particular epitope for viral survival (117). Individuals with HLA
alleles that preferentially select regions of HIV proteins that
less readily mutate, because of their effects on viral fitness,
would therefore be expected to have better outcomes when
infected with HIV, as the potential for the development of
escape mutants is reduced (65). This is illustrated by HLAB*27, which recognizes a conserved epitope from the p24 HIV
capsid protein and is associated with significantly improved
survival in HIV-infected individuals (who are termed “elite
suppressors”). These individuals may maintain high CD4
counts and low-level viremia without antiretroviral therapy
(17). Interestingly, non-HLA-matched individuals infected
with HIV escape variants that appear to have been selected by
previous HLA-B*27 restriction also show lower viral load and
greater CD4 counts, indicating that HLA restriction of escape
mutants that comes at a cost to viral fitness may shape viral
evolution and attenuate viral survival (38). Conversely, certain
other HLA class I types are associated with rapid disease
progression in HIV. HLA-B*35-restricted escape mutants may
affect the recognition of CTL by reducing both peptide binding
and T-cell receptor recognition, and HLA-B*35 subtypes are
associated with rapid HIV disease progression (164). A recently published GWAS of HIV in nonprogressors has highlighted the complex putative roles of multiple genes within the
MHC, including HLA (100).
HLA class I alleles also interact with NK cells, which are
central components of innate defense against virally infected
cells. Regulation of NK cell activity is complex and mediated in
part by inhibitory and activating signals through KIRs. Specific
KIRs interact with specific HLA class I ligands, and if the KIR
contains an activating allotype, this results in increased NK cell
effector function, with release of perforin, granzyme, and
gamma interferon (167). Studies of HIV infection suggest that
the protective effects of the HLA-Bw4 cluster, which contains
HLA-B*27, may be partly due to epistatic (gene-gene) interaction between HLA and KIRs. An activating KIR allele
(KIR3DS1), in combination with a subset of the HLA-Bw4
cluster (HLA-Bw4Ile80), is associated with delayed progression to AIDS. If KIR3DS1 is absent, the HLA-B allele is not
protective, and if the specific HLA-B alleles are absent,
KIR3DS1 is associated with more rapid progression to AIDSdefining illnesses (112, 113). The compound HLA-B/KIR ge-

374

BLACKWELL ET AL.

in genetically isolated populations (27). These observations in
and of themselves point to a major role for classical HLA loci
in determining susceptibility to viral infections. This is borne
out by association signals obtained using a GWAS approach
(56), albeit not with the same level of statistical significance for
reduction in viral load in HIV/AIDS (P ⫽ 9.36 ⫻ 10⫺12) as that
observed for T1D (P ⫽ 4.0 ⫻ 10⫺116). Nevertheless, the most
convincing associations between classical class I and class II
HLA alleles and infectious diseases have been reported for
chronic viral infections, reflecting their global importance and,
presumably, the logistics of recruiting enough subjects to obtain the necessary sample sizes of sufficient power. HIV type 1
(HIV-1) and hepatitis B and C virus infections have been most
extensively investigated, with a number of studies having adequate power to allow consistent conclusions to be drawn. As in
all association studies, especially those of infectious diseases,
the definition of the clinical phenotype is critical. For example,
for HIV infection various genetic factors, including those
within the MHC, have been associated with overall susceptibility to infection, the risk of vertical transmission from mother
to child, the risk of horizontal transmission between HIVdiscordant couples, the rate of progression to an AIDS-defining illness once infected, and the risk of severe reactions to
specific anti-HIV treatment (see Table S1 in the supplemental
material) (96, 137).
In contrast to the case for many bacterial and parasitic
infections, an effective host response against viruses that
breach early innate defenses relies heavily on HLA-restricted
T-cell responses, with effective presentation of viral epitopes
by dendritic cells to CD8⫹ T lymphocytes through class I HLA
and to CD4⫹ T lymphocytes through class II HLA. HLA class
I presentation leads to the clonal expansion of HLA-restricted
CD8⫹ cytotoxic T lymphocytes (CTL), and the CTL response
is central to antiviral defense during acute infection. Memory
CTL are involved in the immune response to latent reinfection
and reactivation (170). CD4⫹ T lymphocytes augment CTL
responses and provide T-cell help to the generation of specific
antiviral antibodies.
HLA and HIV. The HIVs (HIV-1 and HIV-2) are relatively
recent human pathogens that have evolved from lentiviruses of
African primates and continue to evolve rapidly, frustrating
attempts to develop protective vaccines (65). The HIV and
HLA data are among the most convincing and intriguing in
human infection and probably offer the most immediate prospect of harnessing genetic association studies to develop novel
interventions. In addition to a number of associations between
HLA and clinical phenotypes and response to treatment, these
data also demonstrate the profound effects of HLA restriction
on HIV variants that elude immunological control. The HIV/
HLA studies also provide mechanistic insights into the interaction of HLA molecules and the NK cell receptors.
HIV infects CD4⫹ T cells using a number of cofactors to
gain entry into host cells. A functional polymorphism resulting
in a deletion of a key cofactor, the chemokine receptor CCR5,
results in protection against HIV infection in homozygotes and
slower disease progression in heterozygotes (111, 115). However, once HIV has evaded innate defenses, control of HIV
infection relies on HLA-restricted CTL responses, which exert
a strong inhibitory effect on viral replication and growth (117).
There is therefore strong evolutionary pressure for the devel-
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opment of HIV variants (termed “escape mutants”) that are
able to evade the CTL response (33). Variation in the immunologically dominant epitopes of HIV is one of the major
barriers to the development of an HIV vaccine, especially
vaccines that rely on protective CTL responses (19). Selection
for amino acid sequence variants at HIV epitopes may lead to
immunological escape by a variety of mechanisms: interfering
with epitope-HLA binding, reducing T-cell receptor recognition, or generating antagonistic CTL responses (128). This
CTL-driven selection of escape mutants occurs rapidly in simian models of HIV (55). In human populations, amino acid
sequence variants of the HIV pol protein have been shown to
be partly dependent on the HLA class I alleles of the infected
individuals (128). The degree of HLA-associated selection of
HIV sequence is predictive of HIV viral load, a marker of
disease progression (24, 128).
Immunological escape by HIV is, however, constrained by
the functional or structural implications of variation of a particular epitope for viral survival (117). Individuals with HLA
alleles that preferentially select regions of HIV proteins that
less readily mutate, because of their effects on viral fitness,
would therefore be expected to have better outcomes when
infected with HIV, as the potential for the development of
escape mutants is reduced (65). This is illustrated by HLAB*27, which recognizes a conserved epitope from the p24 HIV
capsid protein and is associated with significantly improved
survival in HIV-infected individuals (who are termed “elite
suppressors”). These individuals may maintain high CD4
counts and low-level viremia without antiretroviral therapy
(17). Interestingly, non-HLA-matched individuals infected
with HIV escape variants that appear to have been selected by
previous HLA-B*27 restriction also show lower viral load and
greater CD4 counts, indicating that HLA restriction of escape
mutants that comes at a cost to viral fitness may shape viral
evolution and attenuate viral survival (38). Conversely, certain
other HLA class I types are associated with rapid disease
progression in HIV. HLA-B*35-restricted escape mutants may
affect the recognition of CTL by reducing both peptide binding
and T-cell receptor recognition, and HLA-B*35 subtypes are
associated with rapid HIV disease progression (164). A recently published GWAS of HIV in nonprogressors has highlighted the complex putative roles of multiple genes within the
MHC, including HLA (100).
HLA class I alleles also interact with NK cells, which are
central components of innate defense against virally infected
cells. Regulation of NK cell activity is complex and mediated in
part by inhibitory and activating signals through KIRs. Specific
KIRs interact with specific HLA class I ligands, and if the KIR
contains an activating allotype, this results in increased NK cell
effector function, with release of perforin, granzyme, and
gamma interferon (167). Studies of HIV infection suggest that
the protective effects of the HLA-Bw4 cluster, which contains
HLA-B*27, may be partly due to epistatic (gene-gene) interaction between HLA and KIRs. An activating KIR allele
(KIR3DS1), in combination with a subset of the HLA-Bw4
cluster (HLA-Bw4Ile80), is associated with delayed progression to AIDS. If KIR3DS1 is absent, the HLA-B allele is not
protective, and if the specific HLA-B alleles are absent,
KIR3DS1 is associated with more rapid progression to AIDSdefining illnesses (112, 113). The compound HLA-B/KIR ge-
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notype, which presumably results in enhanced NK cell activation, appears to have effects both early in HIV infection (by
containing viral load) and later (by reducing the risk of opportunistic infections but not of HIV-related malignancy) (139).
Despite these intriguing data, the implications of HLA/KIR
epistasis in HIV are controversial (18). Overall it seems most
plausible that HLA exerts both independent and epistatic effects (with KIRs) on HIV infection (62). Understanding and
exploiting these effects may ultimately lead to the development
of HIV vaccines and strategies to augment host defense against
infection.
HLA and chronic viral hepatitis. Chronic viral hepatitis is a
major public health concern. Hepatitis B and C virus infections
are estimated to account for 70% of the global burden of liver
disease (152). The clinical outcomes following infection with
both hepatitis B and C viruses vary considerably, from clearance of infection to chronic viral persistence, cirrhosis, and
hepatocellular carcinoma. Numerous studies confirm that genetic factors play a central role in determining clinical phenotype, and the vast majority of these studies have focused on the
role of the genes in the HLA/MHC region.
Only one genome-wide linkage study for hepatitis B susceptibility has been reported to date (61). This detected no evidence of linkage at the MHC/HLA region, possibly due to lack
of statistical power. However, a number of candidate gene
association studies have identified HLA-specific associations
for both hepatitis B and C susceptibility and outcome. An HLA
class II heterozygote advantage has been demonstrated for
clearance of hepatitis B virus infection (160) and for progression to end-stage liver disease in hepatitis C (74). In hepatitis
B virus infection, significantly fewer persistently infected Gambian individuals were heterozygous for haplotypes across
HLA-DR-DQ (odds ratio [OR] ⫽ 0.53; 95% confidence interval [CI] ⫽ 0.33 to 0.84; P ⫽ 0.004) (146), whereas for hepatitis
C virus infection increased heterozygosity at HLA-DRB1 supertypes is observed in uninfected versus infected liver transplant recipients (OR ⫽ 1.34; P ⫽ 1.05 ⫻ 10⫺6) (68). Such data
suggest that HLA heterozygosity is associated with a more
favorable outcome of infection, presumably due to the greater
breadth of response to viral peptides that HLA heterozygosity
allows (64).
Specific HLA associations with hepatitis B and C virus infection are described for viral persistence/clearance, disease
progression, the risk of vertical transmission, vaccine responses
(discussed below), and the response to antiviral therapies (see
Table S2 in the supplemental material; reviewed in reference
152). A number of important themes emerge from these data,
in addition to the issues regarding sample size and statistical
analysis that affect many genetic association studies (27). The
HLA associations with hepatitis B and C virus infection are
largely inconsistent across different ethnic groups, and few
HLA associations are shared between the two infections, which
may reflect both methodological issues and different disease
mechanisms (152). HLA-DRB1*07 is associated with viral persistence in both hepatitis C and B virus infection in various
European and Asian populations (39, 89, 174) and also with
hepatitis B vaccine failure in multiple populations (13, 114,
140, 152). A formal meta-analysis of HLA class II associations
with HCV clearance provides summary estimates for the positive effects of HLA-DQB1*0301 (OR ⫽ 2.36; 95% CI ⫽ 1.62

HLA AND INFECTIOUS DISEASES

375

to 3.43; P ⬍ 0.00001) and HLA-DRB1*1101 (OR ⫽ 2.02; 95%
CI ⫽ 1.56 to 2.62; P ⬍ 0.00001) on spontaneous viral clearance
(71). No formal meta-analysis has been performed for hepatitis
B virus infection. However, HLA-DRB1*1301 (encoding
HLA-DR13) appears to be consistently associated with hepatitis B virus clearance across a number of diverse populations
(2, 69, 75, 93). Ultimately, it is hoped that definition of HLArestricted viral epitopes associated with clearance will lead to
improved vaccine candidates (in the case of hepatitis B) and
the development of an effective vaccine for hepatitis C.
HLA and Mycobacterial Infections
As early as the 18th century, differential susceptibility to
infection was suggested to be a characteristic of the host, and
diseases such as tuberculosis and leprosy were believed to be
inherited defects (5). A number of GWLSs have been reported
for tuberculosis (20, 121) and leprosy (121, 123, 151), each of
which has been sufficiently powered to detect single major gene
or oligogenic (i.e., a small number of major loci) determinants.
For leprosy, the major locus identified in a GWLS in Vietnamese subjects (LOD score, 4.31; P ⫽ 5 ⫻ 10⫺6) (123) led to the
exciting identification of the Parkinson’s disease genes PARK2/
PACRG as the etiological genes at the peak of linkage on
chromosome 6q25 in Vietnam, with replication in a Brazilian
population (122). A second signal in this genome-wide analysis
of leprosy in Vietnam was observed at HLA (LOD score, 2.62;
P ⬍ 2.5 ⫻ 10⫺4) (123). In Brazil, the major signal on a primary
GWLS was at HLA (LOD score, 3.23, P ⫽ 5.8 ⫻ 10⫺5) (121),
with combined segregation and linkage analysis in a larger data
set achieving a LOD score of 5.78 (P ⫽ 2.5 ⫻ 10⫺7), suggesting
a major influence of HLA in this population. In contrast, no
signal at the HLA/MHC region was observed following a
GWLS undertaken for tuberculosis in the same Brazilian population (121) or for leprosy in India (151). These data raise the
question as to whether the same or different genes influence
these two mycobacterial infections or whether there are different clinical subtypes within leprosy which may vary in frequency across geographical sites. Certainly, a number of other
candidate genes (SLC11A1, VDR, IL-10, IL12RB, TLR2) have
been shown to influence both tuberculosis and leprosy (see, for
example, the online tables associated with reference 27). A
GWLS of tuberculosis undertaken in Africa (20) also failed to
detect a significant linkage signal at HLA. Overall, these genome-wide analyses suggest a more prominent role for HLA in
determining susceptibility to leprosy than for tuberculosis.
However, from the late 1970s onwards a large number of HLA
association studies, albeit largely underpowered, have recorded an equivalently high ratio of positive associations compared to negative reports (publication bias notwithstanding)
for both tuberculosis and leprosy (Table 1; see Tables S4 and
S5 in the supplemental material). These data raise important
issues in relation to the current understanding of the immunology and pathogenesis of the two most important mycobacterial infections, which are examined in more detail below.
Leprosy. Leprosy is caused by Mycobacterium leprae and is
considered a genetic model for susceptibility to common infectious disease (11). There is a spectrum of clinical phenotypes that span tuberculoid through borderline to lepromatous
forms of disease (142). These relate to individual differences in
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more severe if abacavir therapy is restarted and may be lifethreatening (66). Abacavir hypersensitivity is less common in
certain ethnic groups and may occur in familial clusters (45).
Detailed analysis of the MHC in the abacavir hypersensitivity
reaction revealed a highly significant association with alleles
carried on the MHC 57.1 ancestral haplotype (105). This association has subsequently been mapped to the HLA-B*5701
allele. The strength of the association is such that screening for
this allele prior to commencing abacavir therapy has very high
sensitivity and specificity, is cost-effective, and is applicable
across different ethnic groups (106, 146). HLA-B*5701 screening has now become part of standard HIV clinical care in
resource-rich countries and probably represents the most convincing translational success of genetic association data in infectious diseases (146, 147). Similar but less dramatic associations with adverse reactions to other antiretrovirals have also
been described, but the modest strength of the associations has
not resulted in changes to clinical practice (110).
FUTURE ANALYSIS OF HLA AND
INFECTIOUS DISEASE
This review has reexamined studies that have looked for
associations between classical HLA class I and class II molecules and susceptibility to infectious diseases, with the goal to
relate these to immune processes. While Tables S1 to S8 in the
supplemental material provide a comprehensive list of results
obtained for a subset of globally important diseases, these
results need to be interpreted with caution. One crucial flaw is
that few studies have looked comprehensively at polymorphisms across the MHC within any single disease in any single
ethnically defined population. This is a problem because genes
encoding the classical class I and class II molecules occur
within a cluster of highly correlated MHC genes with a broader
range of functions in innate and acquired immunity. Usually a
plausible case can be made for the candidacy of a large number
of the ⬃160 protein-coding MHC genes in determining susceptibility to any complex infectious disease. Selectively genotyping a favorite candidate gene within the cluster and concluding that a positive association relates to that gene is
foolhardy and unreliable. This is especially true since the sample sizes employed in most studies carried out to date have
been underpowered to detect a single main effect, not to mention more complex models in which multiple MHC genes
might be expected to contribute to disease. Probably the most
crucial methodological issue in taking the field forward is sample size and power, in conjunction with better definition of
clinical phenotypes. Large consortia are needed to agree upon
clinical classifications and achieve the sample sizes required to
provide definitive data for HLA/MHC loci. If a large GWAS,
including minimally 1,000 cases and 1,000 controls, achieves a
significant association in this region, then more in-depth analysis is warranted. This could be followed by SNP chip analysis
of a larger number of SNPs across the region using commercially available MHC SNP chips, followed by (or in conjunction
with) sequence-based genotyping of the classical HLA class I
and II genes themselves. Notwithstanding the fact that the
currently available 500,000 to 600,000 genome-wide SNP chips
do not currently provide the best cover for functional SNPs
within the MHC, it is almost certainly not worthwhile under-
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taking in-depth analysis of MHC SNP chips unless a significant
association is seen in a large GWAS. Even when a major role
for HLA genes is demonstrated, such as, for example, in T1D
(130), it is clear that a very large study and sophisticated
analysis are required to tease out the influence of specific HLA
alleles.
Another methodological issue is that of selection of study
population and sampling strategy. Most candidate gene studies
use a case-control approach, and unrecognized ethnic differences between the groups are likely to be reflected in spurious
genetic associations that are unrelated to the disease of interest. For example, there is probably a strong association between the HLA region and chopstick use in Sydney. This does
not imply that the HLA region necessarily influences manual
dexterity, but more likely that the HLA type identifies an Asian
subpopulation. This issue of “population stratification” is likely
to be more confounding when small genetic effects are sought
in large populations (108). It can be minimized if cases and
controls are carefully matched, and its presence can also be
quantified from the genetic data (especially genome-wide
data) themselves (59), allowing stratified analyses if the sample
size permits. A family-based approach, for example, using patient-parent trios, provides an alternative strategy to control
for mixed ethnicity in a particular study population.
In conclusion, many studies have demonstrated statistical
associations between HLA class I and II molecules and susceptibility to a range of complex infectious diseases. Most of
these studies are inconclusive. The major work that lies ahead
is to provide conclusive genetic and functional data to support
a role for HLA in infectious disease susceptibility. The tools
are available, and the costs are coming down. The decade
ahead should see a complete reevaluation of the true impact of
HLA/MHC genes on susceptibility to infectious diseases.
DATA RESOURCES USED FOR THIS REVIEW
Data for this review were identified by searches of PubMed,
Medline, Current Contents, and references from relevant articles; numerous articles were identified through searches of
the extensive files of the authors. Search terms included combinations of “susceptibility,” “genetic susceptibility,” “HLA,”
“MHC,” “polymorphism,” “haplotype,” “genetic association,”
“genetic linkage,” “infection,” and “infectious diseases,” as
well as terms for specific infections (e.g., “malaria”) and genes
and gene products (e.g., HLA-DR, TNF, LTA, MICA, MICB,
C4, C4B, and HSP70) (for example, PUBMED Search Term ⫽
HIV AND polymorphism NOT drug; Field: Text Word, Limits: Humans). No date or language restrictions were set in
these searches.
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Maternal HLA Homozygosity and Mother-Child
HLA Concordance Increase the Risk of Vertical
Transmission of HIV-1
Romel D. Mackelprang,1 Grace John-Stewart,1,2 Mary Carrington,4 Barbra Richardson,3 Sarah Rowland-Jones,6
Xiaojiang Gao,4 Dorothy Mbori-Ngacha,5 Jennifer Mabuka,5 Barbara Lohman-Payne,2,5 and Carey Farquhar1,2

Background. Mother-child human leukocyte antigen (HLA) concordance and maternal HLA homozygosity may
increase the risk of vertical transmission of human immunodeficiency virus type 1 (HIV-1) risk by reducing infant
immune responses.
Methods. We analyzed mother-child HLA concordance and maternal HLA homozygosity in a Kenyan perinatal
cohort receiving antenatal zidovudine. HLA concordance was scored as the number of shared class I alleles, and
relative risk estimates were adjusted for maternal HIV-1 load.
Results. Among 277 mother-infant pairs, HIV-1 transmission occurred in 58 infants (21%), with in utero transmission in 21 (36%), peripartum transmission in 26 (45%), and transmission via breast-feeding in 11 (19%). With increased
concordance, we observed a significant increase in the risk of transmission overall (adjusted hazard ratio [aHR], 1.3 [95%
confidence interval {CI}, 1.0 –1.7]; P ⫽ .04), in utero (adjusted odds ratio, 1.72 [95% CI, 1.0 –1.7]; P ⫽ .04), and via
breast-feeding (aHR, 1.6 [95% CI, 1.0 –2.5]; P ⫽ .04). Women with homozygosity had higher plasma HIV-1 RNA
levels at 32 weeks of gestation (5.1 vs. 4.8 log10 copies/mL; P ⫽ .03) and an increased risk of transmission overall (aHR,
1.7 [95% CI, 1.1–2.7]; P ⫽ .03) and via breast-feeding (aHR, 5.8 [95% CI, 1.9 –17.7]; P ⫽ .002).
Conclusion. The risks of overall, in utero, and breast milk HIV-1 transmission increased with HLA concordance and
homozygosity. The increased risk may be due to reduced alloimmunity or less diverse protective immune responses.
Vertical transmission of HIV-1 may occur during gestation, delivery, or breast-feeding when the fetus or infant is
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exposed to free virus or infected maternal cells. Despite
probable exposure, HIV-1 acquisition rates in infants are
relatively low, even in the absence of antiretroviral prophylaxis. Host factors such as maternal or infant genetics and
immunity may influence the ability of a fetus or infant to
avoid HIV-1 infection. These factors may be maternal or
infant specific or may be shared because of similar HLA
genes. An increased degree of HLA gene sharing between a
mother and infant differentiates vertical transmission of
HIV-1 from sexual transmission.
HLA class I and II loci are the most polymorphic
genes known in humans [1]. HLA class I genes, located
at the HLA-A, -B, and -C loci, encode molecules that
differentially present endogenous viral peptides to
CD8⫹ T lymphocytes. As a result of differential peptide
binding, specific HLA molecules may influence susceptibility to HIV-1 infection and progression. Differential
peptide binding leads to activation of cellular immune
responses directed toward specific viral epitopes, exerting immune pressure on HIV-1 and resulting in viral
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Table 1. Influence of HLA-A, -B, and -C loci concordance separately on overall HIV-1 transmission risk at any time before 1
year of age.
No. (%)
infected with
HLA
locus
A
B
C

HR (95% CI) from

2 matches
at locus

1 match
at locus

Models for each
locus separatelya

Multivariate
modelb

10 (26)
12 (35)
16 (29)

34 (21)
32 (19)
28 (19)

1.33 (0.70–2.54)
1.96 (1.11–3.47)
1.34 (0.77–2.36)

1.26 (0.65–2.45)
1.94 (0.97–3.89)
0.98 (0.49–1.96)

a
Hazard ratios (HR) and 95% confidence intervals (CIs) for the influence of
HLA concordance at class I loci separately after adjusting for maternal viral
load at 32 weeks of gestation, using a distinct Cox regression model for each
locus.
b
Adjusted HRs and 95% CIs from a multivariate model that included
HLA-A, -B, and -C concordance as well as maternal viral load.

DISCUSSION
In this cohort of breast-feeding women and their infants,
mother-child HLA concordance was associated with increased
risks of overall, in utero, and breast milk HIV-1 transmission.
Additionally, maternal homozygosity was associated with the
risk of transmission overall and via breast-feeding. The effects of
HLA concordance on transmission appeared to derive predominantly from the HLA-B locus, but this is difficult to confirm
with our data.
Increased susceptibility to vertical HIV-1 transmission due to
mother-child HLA concordance has several possible biological
mechanisms. Infants whose HLA is the same as their mothers
may be less able to recognize HIV-1 that has evolved to evade
maternal immune responses via HLA-mediated selection. Concordance might also decrease the likelihood of infant alloim-

Figure 2. Proportions (%) of infants infected with HIV-1 for overall, in
utero, peripartum, and breast-feeding transmission, according to the
degree of maternal HLA class I homozygosity at the HLA-A, -B, and -C
loci. Values in bars represent the nos. of infants in each homozygosity
category who were infected during the specified period. P values were
obtained using logistic and Cox regression models adjusted for maternal
viral load. Cox regression was used to analyze overall and breast milk
transmission, and logistic regression was used to analyze in utero and
peripartum transmission.
HLA and Vertical HIV-1 Transmission
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Maternal HLA homozygosity association with vertical
HIV-1 transmission. Two hundred twenty-nine (83%) of the
mothers were heterozygous at the HLA-A, -B, and -C loci, and 48
(17%) were homozygous at 1 or more loci. At 32 weeks of gestation and at delivery, mothers with homozygosity at 1 or more
loci had higher HIV-1 RNA loads than did mothers who were
completely heterozygous. The median HIV-1 RNA level at 32
weeks of gestation was 4.8 log10 copies/mL (IQR, 4.2–5.3 log10
copies/mL) among heterozygous mothers and 5.1 log10 copies/mL (IQR, 4.4 –5.4 log10 copies/mL) among those who were
homozygous at 1 or more loci (P ⫽ .03). A similar relationship
was observed between HLA homozygosity and HIV-1 RNA levels at delivery (4.3 vs. 4.0 log10 copies/mL; P ⫽ .03).
Maternal HLA homozygosity increased HIV-1 transmission
risk overall (figure 2). Transmission occurred at some time during the 12 months of follow-up among 41 pairs (18%) who were
heterozygous at the HLA-A, -B, and -C loci, compared with 17
pairs (35%) in whom the mother was homozygous at 1 or more
loci. In unadjusted analyses, infants of homozygous mothers experienced an ⬃2-fold increased risk of overall transmission
compared with infants of heterozygous mothers (HR, 1.9 [95%
CI, 1.1–3.2]; P ⫽ .02). This association remained after adjustment for maternal plasma viral load at 32 weeks of gestation
(aHR, 1.7 [95% CI, 1.1–2.8]; P ⫽ .03).
Mothers who were homozygous at any HLA locus also more
frequently transmitted HIV-1 to their infants via breast-feeding.
Five (4%) of the heterozygous mothers transmitted HIV-1 to
their infants, compared with 6 (21%) of the homozygous mothers. In the unadjusted analysis, the risk of transmission among
homozygous mothers was increased ⬎7–fold (HR, 7.4 [95% CI,
2.2–24.9]; P ⫽ .001). This association remained after adjustment for maternal plasma viral load at 32 weeks of gestation
(aHR, 5.6 [95% CI, 1.8 –17.1]; P ⫽ .002).
When specific loci were evaluated, overall transmission was
more frequent among mothers who were homozygous at the
HLA-B or -C loci. HLA-B homozygosity was associated with a

1.8-fold increased transmission risk overall in unadjusted and
adjusted analyses (HR, 1.9 [95% CI, 0.98 –3.78]; P ⫽ .06) (aHR,
1.8 [95% CI, 1.01–3.2]; P ⫽ .04). Homozygosity at the HLA-C
locus was also associated with a 1.7-fold increased overall transmission risk in unadjusted and adjusted analyses (HR, 2.0 [95%
CI, 1.12–3.57] P ⫽ .02) (aHR, 1.7 [95% CI, 1.04 –2.9];
P ⫽ .04). HLA-A homozygosity was not significantly associated
with overall transmission. In a single model that included homozygosity at the HLA-A, -B, and -C loci separately, no significant associations were observed for transmission at any time.

One mechanism
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moved from left column

through which maternal homozygosity might increase vertical
transmission risk is accelerated HIV-1 progression and higher
viral loads in homozygous mothers. However, we observed a
strong association between maternal HLA homozygosity and
HIV-1 transmission overall and through breast-feeding, even
after adjusting for maternal HIV-1 load, which suggests that the
effect of maternal HLA homozygosity on transmission risk is not
due only to its effect on maternal disease progression. Because
this association is independent of viral load antenatally, another
mechanism for the influence of maternal HIV-1 homozygosity
on vertical transmission risk must be considered. It is possible
that HIV-1–infected cells of homozygous mothers elicit a weaker
alloimmune response in their infants, which in turn may lead to
increased survival of maternal HIV-1–infected cells and increased risk of transmission.
In addition to associations between concordance at the
HLA-A, -B, and -C loci together, there were associations with
overall and in utero transmission for the HLA-B locus individually and with overall transmission after adjustment for A and C
locus concordance. These results suggest that associations observed when concordance was classified according to the class I
loci considered together may have been driven by the B locus.
The importance of HLA-B alleles in HIV-1 transmission and
disease progression has been demonstrated in past studies. First,
a study of HIV-1– discordant couples in Zambia found that increased concordance at the HLA-B locus was associated with a
2-fold increased transmission risk [15]. In another study,
Kiepiela et al. demonstrated a dominant influence of HLA-B
alleles on CD8⫹ T cell responses against HIV-1 [16].
Our observation that HLA concordance and maternal homozygosity were associated with in utero and breast milk transmission but not with peripartum transmission might be explained
by the roles played by cell-associated and cell-free virus in transmitting HIV-1 from mother to child. It is not well established
whether cell-free or cell-associated virus is more influential in
vertical HIV-1 transmission. However, in vitro data suggest that
in utero transmission is caused more by cell-associated virus
than by cell-free virus [17–19]. Additionally, cell-associated virus may be more readily transmitted through breast-feeding
than cell-free virus, whereas intrapartum transmission may be
caused by both types of virus [20, 21]. Thus, HLA concordance
and homozygosity might have stronger associations with increased risks of in utero and breast milk transmission to the
extent that alloimmune responses act primarily on cellassociated virus. The role played by HLA concordance in increasing vertical transmission of cell-associated virus via breastfeeding is further supported by findings that HLA concordance
increased the risk of vertical transmission of human T cell lymphotrophic virus type 1, which is transmitted only via cell-to-cell
interaction [22]. This adds to a growing body of evidence indicating that cell-associated HIV-1 is critically important for in
utero and breast milk transmission [17–21].
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mune responses against maternally derived lymphocytes.
Among mother-infant pairs with more concordance, HLA molecules on the surface of HIV-1–infected or -uninfected maternal
cells will be recognized as “self” by cytotoxic T lymphocytes or
NK cells and will be less likely to be destroyed. Infant alloimmune responses may also target maternal HLA molecules incorporated into the HIV-1 envelope when virus buds from host cells
[14]. Thus, increased concordance could restrict T cell destruction of cell-free HIV-1, in addition to reducing destruction of
HIV-1–infected maternal cells.
Our observation that mother-child HLA concordance was associated with increased HIV-1 transmission risk is consistent
with previous findings and adds to them by demonstrating that
concordance is also associated with a significantly greater risk of
breast milk HIV-1 transmission. A study of 125 mother-child
pairs in Kenya without antiretroviral prophylaxis found that
each additional concordant class I allele was associated with a
2.6-fold increased risk of perinatal infection [6]. A United
States– based study in which mothers and infants were given
zidovudine found a 4-fold increased transmission risk before 6
weeks of age among pairs who were completely concordant at 1
or more class I loci compared with pairs who shared only 3 alleles
[7]. Neither of these studies found an association between HLA
concordance and HIV-1 transmission via breast-feeding.
One strength of the present study is that the sampling schedule permitted more precise estimation of the timing of infection.
Thus, infections could be classified as having been in utero,
peripartum, or breast milk. The only other study of whether
HLA concordance influences breast milk transmission classified
infections occurring before 6 months of age as early and infections occurring after 6 months as being transmitted through
breast-feeding. In our sample, nearly 50% of infections occurring through breast-feeding happened before the age of 6
months. These would have been classified as early infections by
the criteria of MacDonald et al. and may have increased the likelihood of observing an association between concordance and
early transmission rather than breast-feeding [6]. Another difference that may have increased our power to detect an association is that both of the previous studies used serologic HLA typing, whereas we used molecular-based typing, which is more
specific. Serologically defined HLA alleles are broad, whereas
many alleles that can be identified only by molecular techniques
have distinct epitope-binding motifs.
In the present study, mothers with HLA homozygosity had
higher plasma HIV-1 RNA loads, and any maternal homozygosity was associated with an increased risk of HIV-1 transmission
overall and via breast-feeding. We are not aware of any studies
that have specifically focused on HLA homozygosity and HIV-1
transmission. Previous studies have examined HLA homozygosity as it relates to HIV-1 disease progression [4, 5]. Carrington et
al. [4] found that homozygosity at any HLA class I locus was
associated with more rapid disease progression. One mechanism
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through which maternal homozygosity might increase vertical
transmission risk is accelerated HIV-1 progression and higher
viral loads in homozygous mothers. However, we observed a
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overall and in utero transmission for the HLA-B locus individually and with overall transmission after adjustment for A and C
locus concordance. These results suggest that associations observed when concordance was classified according to the class I
loci considered together may have been driven by the B locus.
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disease progression has been demonstrated in past studies. First,
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2-fold increased transmission risk [15]. In another study,
Kiepiela et al. demonstrated a dominant influence of HLA-B
alleles on CD8⫹ T cell responses against HIV-1 [16].
Our observation that HLA concordance and maternal homozygosity were associated with in utero and breast milk transmission but not with peripartum transmission might be explained
by the roles played by cell-associated and cell-free virus in transmitting HIV-1 from mother to child. It is not well established
whether cell-free or cell-associated virus is more influential in
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than by cell-free virus [17–19]. Additionally, cell-associated virus may be more readily transmitted through breast-feeding
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caused by both types of virus [20, 21]. Thus, HLA concordance
and homozygosity might have stronger associations with increased risks of in utero and breast milk transmission to the
extent that alloimmune responses act primarily on cellassociated virus. The role played by HLA concordance in increasing vertical transmission of cell-associated virus via breastfeeding is further supported by findings that HLA concordance
increased the risk of vertical transmission of human T cell lymphotrophic virus type 1, which is transmitted only via cell-to-cell
interaction [22]. This adds to a growing body of evidence indicating that cell-associated HIV-1 is critically important for in
utero and breast milk transmission [17–21].
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The control of human immunodeficiency virus type 1 (HIV-1) associated with particular HLA class I alleles
suggests that some CD8ⴙ T-cell responses may be more effective than others at containing HIV-1. Unfortunately,
substantial diversities in the breadth, magnitude, and function of these responses have impaired our ability to
identify responses most critical to this control. It has been proposed that CD8 responses targeting conserved regions
of the virus may be particularly effective, since the development of cytotoxic T-lymphocyte (CTL) escape mutations
in these regions may significantly impair viral replication. To address this hypothesis at the population level, we
derived near-full-length viral genomes from 98 chronically infected individuals and identified a total of 76 HLA class
I-associated mutations across the genome, reflective of CD8 responses capable of selecting for sequence evolution.
The majority of HLA-associated mutations were found in p24 Gag, Pol, and Nef. Reversion of HLA-associated
mutations in the absence of the selecting HLA allele was also commonly observed, suggesting an impact of most CTL
escape mutations on viral replication. Although no correlations were observed between the number or location of
HLA-associated mutations and protective HLA alleles, limiting the analysis to mutations selected by acute-phase
immunodominant responses revealed a strong positive correlation between mutations at conserved residues and
protective HLA alleles. These data suggest that control of HIV-1 may be associated with acute-phase CD8 responses
capable of selecting for viral escape mutations in highly conserved regions of the virus, supporting the inclusion of
these regions in the design of an effective vaccine.
ticular CD8⫹ T-cell responses are best able to control the virus
and thus should be preferentially targeted by a vaccine. Studies
comparing the magnitude, breadth, and function of CD8⫹
T-cell responses in subjects exhibiting either enhanced or poor
control of HIV-1 have yielded few clues as to the specific
factors associated with an effective CD8⫹ T-cell response (2,
28, 64, 67). Various differences in the functional capacity of
T-cell responses have been observed in long-term nonprogressors (1, 26, 64), although it is possible that these differences
may be reflective of an intact immune response, as opposed to
having had directly enhanced immune control. As such, efforts
are needed to identify factors or phenotypes associated with
protective CD8⫹ T-cell responses in order to enable vaccines
to induce the most effective responses.
Recent studies have begun to suggest that the specificity of
the CD8⫹ T-cell response, or the targeting of specific regions
of the virus, may be associated with control of HIV-1. Preferential targeting of Gag, a structurally conserved viral protein
responsible for multiple functions, has been associated with
lower viral loads (25, 43, 56, 60, 77, 85). Furthermore, Kiepiela
et al. (43) recently illustrated in a large cohort of 578 clade
C-infected subjects that Gag-specific responses were associated with lowered viremia, in contrast to Env-specific responses, which were associated with higher viremia. These data

Despite substantial advances in antiretroviral therapies, development of an effective human immunodeficiency virus type
1 (HIV-1) vaccine remains a critical goal (6, 39, 82). Unfortunately, current vaccine efforts have failed to reduce infection
rates in humans (9, 75) and have only achieved modest decreases in viral loads in the simian immunodeficiency virus
(SIV)/SHIV macaque model (21, 44, 81). A majority of these
vaccine approaches have focused on inducing T-cell responses,
utilizing large regions of the virus in an attempt to induce a
broad array of immune responses (6, 34, 44, 81). While it is
well established that CD8⫹ T-cell responses play a critical role
in the containment of HIV-1 (45, 49, 67), supported in part by
the strong association of particular HLA class I alleles with
control of HIV (20, 33, 42, 61), it remains unclear which par-
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of HIV-1 by particular HLA alleles correlates with their ability
to preferentially restrict early CD8⫹ T-cell responses capable
of selecting for viral escape mutations at highly conserved
residues of the virus. These data provide support for the inclusion of specific highly conserved regions of HIV-1 into vaccine antigens.

MATERIALS AND METHODS
Subjects. Ninety-eight chronic untreated HIV-1 subtype B-infected subjects
were enrolled in Boston through the Massachusetts General Hospital, the
Lemuel-Shattuck Hospital, and the Fenway Community Health Center. The
study was approved by the Massachusetts General Hospital Review Board, and
all subjects gave written informed consent.
HLA typing. Molecular HLA typing was performed by the Tissue Typing
Laboratory at the Churchill Hospital in Oxford, the Massachusetts General
Hospital Tissue Typing Laboratory, and the Centre for Clinical Immunology and
Biomedical Statistics at the Royal Perth Hospital and Murdock University in
Perth, Australia.
Viral sequencing. Genomic DNA was extracted from peripheral blood mononuclear cell samples (5 million cells) by using a QIAamp DNA blood minikit
(Qiagen catalog no. 51104). Nested PCR protocols with limiting dilution adapted
from Salminen et al. (71, 72) were used to amplify HIV-1 genomes lacking 5⬘ and
3⬘ long terminal repeat regions using EXL DNA polymerase (Stratagene catalog
no. 600344). The sequences of the primary forward and reverse PCR primers,
respectively, were 5⬘-AAATCTCTAGCAGTGGCGCCCGAACAG-3⬘ and 5⬘-T
GAGGGATCTCTAGTTACCAGAGTC-3⬘, while the nested forward and reverse primers were 5⬘-GCGGAGGCTAGAAGGAGAGAGATGG-3⬘ and 5⬘-G
CACTCAAGGCAAGCTTTATTGAGGCTTA-3⬘. The PCR cycling conditions
were as follows: 92°C for 2 min; 10 cycles of 10 s at 92°C, 30 s at 60°C, and 10 min
at 68°C; 20 cycles of 10 s at 92°C, 30 s at 55°C, and 10 min at 68°C; and a final
extension of 10 min at 68°C. Five independent PCR products of each sample
were pooled and purified by using a QIAquick PCR purification kit (Qiagen
catalog no. 28104) and directly population sequenced at the Massachusetts
General Hospital DNA Sequencing Core facility using 70 clade B consensus
sequencing primers as previously described (7).
Phylogenetic analysis of HLA-associated sequence polymorphisms. To identify associations between HLA alleles and HIV polymorphisms, we used a previously described phylogenetic correction method (12, 19), with a slight modification to account for HLA linkage disequilibrium. Briefly, a maximum-likelihood
tree was generated for each gene. To compute the pairwise correlation between
an HLA allele and an observed amino acid, two models of evolution were
compared by using a likelihood ratio test. In the null model, the amino acid was
allowed to evolve independently down the tree (“independent evolution
model”). In the alternative model, the presence (or absence) of the HLA allele
in a given patient was allowed to influence the final transition at the leaf node
(“conditional evolution model”). To account for HLA linkage disequilibrium, we
used a decision tree built using forward selection. First, for every amino acid at
each codon, the allele with the strongest association was added to the list of
identified associations. Then, individuals expressing this allele were removed
from the data set, and the analysis was repeated. This forward-selection procedure was iterated until no HLA allele yielded an association with an uncorrected
P value of ⬍0.05, thus tending to eliminate spurious associations due to HLA
linkage disequilibrium. Rare HLA-amino acid pairs were not considered; specifically, we required that the observed or expected count in each bin of the
two-by-two contingency table was at least three. To account for multiple comparisons, P values were converted to q-values (76) by using a permutation test as
previously described (19). Associations with q ⱕ 0.2, corresponding to a 20%
false discovery rate (11), are reported. In the present study, correlations in the
presence of an HLA allele are called “escape associations,” and correlations in
the absence of an HLA allele are called “reversion associations”.
HLA RH and immunodominance. The relative hazards (RHs) for disease
progression for each HLA allele were previously determined (21, 33, 62; data not
shown). Here we used the RH values for progression to AIDS disease definition
of 1987 as a marker of “protective” versus “hazardous” HLA alleles. Based on a
previous study by Altfeld et al. (8), acute-phase immunodominant responses
were defined as any HIV-1-specific CD8⫹ T-cell response that was detected in at
least one HIV-1-infected subject within the first 2 months following presentation
with acute HIV-1 infection. We then ranked the epitopes restricted by each HLA
allele in the order of their frequency of recognition, such that the epitope most
frequently recognized by individuals expressing the corresponding allele received
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are in line with previous observations that many of the major
histocompatibility complex (MHC) class I alleles most strongly
associated with control of HIV-1 and SIV, namely, HLA-B57,
HLA-B27, and Mamu-A*01, restrict immunodominant CD8⫹
T-cell responses against the Gag protein (8, 10, 24, 63, 68, 83).
However, other alleles associated with slower disease progression, such as HLA-B51 in humans and Mamu-B08 and B-17 in
the rhesus macaque, do not immunodominantly target Gag,
suggesting that targeting of some other regions of the virus
may also be capable of eliciting control (8, 52–54). In addition,
recent studies investigating the pattern of HIV-1-specific
CD8⫹ T-cell responses during acute infection reveal that only
a small subset of CD8⫹ T-cell responses restricted by any given
HLA allele arise during acute infection and that there exist
clear immunodominance patterns to these responses (8, 77,
85). Since control of HIV-1 is likely to be established or lost
during the first few weeks of infection, these data suggest that
potentially only a few key CD8⫹ T-cell responses may be
needed to adequately establish early control of HIV-1.
One of the major factors limiting the effectiveness of CD8⫹
T-cell responses is the propensity for HIV-1 to evade these
responses through sequence evolution or viral escape (3, 13,
66). Even single point mutations within a targeted CD8
epitope can effectively abrogate recognition by either the HLA
allele or the T-cell receptor. However, recent studies have
begun to highlight that many sequence polymorphisms will
revert to more common consensus residues upon transmission
of HIV-1 to a new host, including many cytotoxic T-lymphocyte (CTL) escape mutations (4, 30, 33, 48, 50). Notably, the
more rapidly reverting mutations have been observed to preferentially occur at conserved residues, indicating that structurally conserved regions of the virus may be particularly refractory to sequence changes (50). In support of these data, many
CTL escape mutations have now been observed to directly
impair viral replication (15, 23, 55, 74), in particular those
known to either revert or require the presence of secondary
compensatory mutations (15, 23, 73, 74). Taken together, these
data suggest that, whereas CTL escape mutations provide a
benefit to the virus to enable the evasion of host immune
pressures, some of these mutations may come at a substantial
cost to viral replication. These data may also imply that the
association between Gag-specific responses and control of
HIV-1 may be due to the targeting of highly conserved regions
of the virus that are difficult to evade through sequence evolution.
The propensity by which HIV-1 escapes CD8⫹ T-cell responses, and the reproducibility by which mutations arise at
precise residues in targeted CD8 epitopes (3, 48), also enables
the utilization of sequence data to predict which responses may
be most capable of exerting immune selection pressure on the
virus. Studies in HIV-1, SIV, and hepatitis C virus (16, 58, 65,
78) are now rapidly identifying immune-driven CTL escape
mutations across these highly variable pathogens at the population level by correlating sequence polymorphisms in these
viruses with the expression of particular HLA alleles. We provide here an analysis of HLA-associated mutations across the
entire HIV-1 genome using a set of sequences derived from
clade B chronically infected individuals. Through full-length
viral genome coverage, these data provide an unbiased analysis
of the location of these mutations and suggest that the control
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of HIV-1 by particular HLA alleles correlates with their ability
to preferentially restrict early CD8⫹ T-cell responses capable
of selecting for viral escape mutations at highly conserved
residues of the virus. These data provide support for the inclusion of specific highly conserved regions of HIV-1 into vaccine antigens.

MATERIALS AND METHODS
Subjects. Ninety-eight chronic untreated HIV-1 subtype B-infected subjects
were enrolled in Boston through the Massachusetts General Hospital, the
Lemuel-Shattuck Hospital, and the Fenway Community Health Center. The
study was approved by the Massachusetts General Hospital Review Board, and
all subjects gave written informed consent.
HLA typing. Molecular HLA typing was performed by the Tissue Typing
Laboratory at the Churchill Hospital in Oxford, the Massachusetts General
Hospital Tissue Typing Laboratory, and the Centre for Clinical Immunology and
Biomedical Statistics at the Royal Perth Hospital and Murdock University in
Perth, Australia.
Viral sequencing. Genomic DNA was extracted from peripheral blood mononuclear cell samples (5 million cells) by using a QIAamp DNA blood minikit
(Qiagen catalog no. 51104). Nested PCR protocols with limiting dilution adapted
from Salminen et al. (71, 72) were used to amplify HIV-1 genomes lacking 5⬘ and
3⬘ long terminal repeat regions using EXL DNA polymerase (Stratagene catalog
no. 600344). The sequences of the primary forward and reverse PCR primers,
respectively, were 5⬘-AAATCTCTAGCAGTGGCGCCCGAACAG-3⬘ and 5⬘-T
GAGGGATCTCTAGTTACCAGAGTC-3⬘, while the nested forward and reverse primers were 5⬘-GCGGAGGCTAGAAGGAGAGAGATGG-3⬘ and 5⬘-G
CACTCAAGGCAAGCTTTATTGAGGCTTA-3⬘. The PCR cycling conditions
were as follows: 92°C for 2 min; 10 cycles of 10 s at 92°C, 30 s at 60°C, and 10 min
at 68°C; 20 cycles of 10 s at 92°C, 30 s at 55°C, and 10 min at 68°C; and a final
extension of 10 min at 68°C. Five independent PCR products of each sample
were pooled and purified by using a QIAquick PCR purification kit (Qiagen
catalog no. 28104) and directly population sequenced at the Massachusetts
General Hospital DNA Sequencing Core facility using 70 clade B consensus
sequencing primers as previously described (7).
Phylogenetic analysis of HLA-associated sequence polymorphisms. To identify associations between HLA alleles and HIV polymorphisms, we used a previously described phylogenetic correction method (12, 19), with a slight modification to account for HLA linkage disequilibrium. Briefly, a maximum-likelihood
tree was generated for each gene. To compute the pairwise correlation between
an HLA allele and an observed amino acid, two models of evolution were
compared by using a likelihood ratio test. In the null model, the amino acid was
allowed to evolve independently down the tree (“independent evolution
model”). In the alternative model, the presence (or absence) of the HLA allele
in a given patient was allowed to influence the final transition at the leaf node
(“conditional evolution model”). To account for HLA linkage disequilibrium, we
used a decision tree built using forward selection. First, for every amino acid at
each codon, the allele with the strongest association was added to the list of
identified associations. Then, individuals expressing this allele were removed
from the data set, and the analysis was repeated. This forward-selection procedure was iterated until no HLA allele yielded an association with an uncorrected
P value of ⬍0.05, thus tending to eliminate spurious associations due to HLA
linkage disequilibrium. Rare HLA-amino acid pairs were not considered; specifically, we required that the observed or expected count in each bin of the
two-by-two contingency table was at least three. To account for multiple comparisons, P values were converted to q-values (76) by using a permutation test as
previously described (19). Associations with q ⱕ 0.2, corresponding to a 20%
false discovery rate (11), are reported. In the present study, correlations in the
presence of an HLA allele are called “escape associations,” and correlations in
the absence of an HLA allele are called “reversion associations”.
HLA RH and immunodominance. The relative hazards (RHs) for disease
progression for each HLA allele were previously determined (21, 33, 62; data not
shown). Here we used the RH values for progression to AIDS disease definition
of 1987 as a marker of “protective” versus “hazardous” HLA alleles. Based on a
previous study by Altfeld et al. (8), acute-phase immunodominant responses
were defined as any HIV-1-specific CD8⫹ T-cell response that was detected in at
least one HIV-1-infected subject within the first 2 months following presentation
with acute HIV-1 infection. We then ranked the epitopes restricted by each HLA
allele in the order of their frequency of recognition, such that the epitope most
frequently recognized by individuals expressing the corresponding allele received
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are in line with previous observations that many of the major
histocompatibility complex (MHC) class I alleles most strongly
associated with control of HIV-1 and SIV, namely, HLA-B57,
HLA-B27, and Mamu-A*01, restrict immunodominant CD8⫹
T-cell responses against the Gag protein (8, 10, 24, 63, 68, 83).
However, other alleles associated with slower disease progression, such as HLA-B51 in humans and Mamu-B08 and B-17 in
the rhesus macaque, do not immunodominantly target Gag,
suggesting that targeting of some other regions of the virus
may also be capable of eliciting control (8, 52–54). In addition,
recent studies investigating the pattern of HIV-1-specific
CD8⫹ T-cell responses during acute infection reveal that only
a small subset of CD8⫹ T-cell responses restricted by any given
HLA allele arise during acute infection and that there exist
clear immunodominance patterns to these responses (8, 77,
85). Since control of HIV-1 is likely to be established or lost
during the first few weeks of infection, these data suggest that
potentially only a few key CD8⫹ T-cell responses may be
needed to adequately establish early control of HIV-1.
One of the major factors limiting the effectiveness of CD8⫹
T-cell responses is the propensity for HIV-1 to evade these
responses through sequence evolution or viral escape (3, 13,
66). Even single point mutations within a targeted CD8
epitope can effectively abrogate recognition by either the HLA
allele or the T-cell receptor. However, recent studies have
begun to highlight that many sequence polymorphisms will
revert to more common consensus residues upon transmission
of HIV-1 to a new host, including many cytotoxic T-lymphocyte (CTL) escape mutations (4, 30, 33, 48, 50). Notably, the
more rapidly reverting mutations have been observed to preferentially occur at conserved residues, indicating that structurally conserved regions of the virus may be particularly refractory to sequence changes (50). In support of these data, many
CTL escape mutations have now been observed to directly
impair viral replication (15, 23, 55, 74), in particular those
known to either revert or require the presence of secondary
compensatory mutations (15, 23, 73, 74). Taken together, these
data suggest that, whereas CTL escape mutations provide a
benefit to the virus to enable the evasion of host immune
pressures, some of these mutations may come at a substantial
cost to viral replication. These data may also imply that the
association between Gag-specific responses and control of
HIV-1 may be due to the targeting of highly conserved regions
of the virus that are difficult to evade through sequence evolution.
The propensity by which HIV-1 escapes CD8⫹ T-cell responses, and the reproducibility by which mutations arise at
precise residues in targeted CD8 epitopes (3, 48), also enables
the utilization of sequence data to predict which responses may
be most capable of exerting immune selection pressure on the
virus. Studies in HIV-1, SIV, and hepatitis C virus (16, 58, 65,
78) are now rapidly identifying immune-driven CTL escape
mutations across these highly variable pathogens at the population level by correlating sequence polymorphisms in these
viruses with the expression of particular HLA alleles. We provide here an analysis of HLA-associated mutations across the
entire HIV-1 genome using a set of sequences derived from
clade B chronically infected individuals. Through full-length
viral genome coverage, these data provide an unbiased analysis
of the location of these mutations and suggest that the control
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TABLE 2. Covarying residue positions for HLA-associated escaping residues without detectable reversiona
Protein

Gag
Gag
Gag
Gag
Pol
Pol
Pol
Pol
Nef
Nef
Nef

HLA

B45
A11
A74
B15
B51
C12
C04
C14
C08
B57
B57

Position

E312D
G357S
H441
L449
T290
A531
I590
K926
H89
K105
H116N

Optimal epitope

AEQASQEVKNW
ACQGVGGPGHK
LGKIWPSHK
SHKGRPGNF
TAFTIPSI
KIATESIVIW
EPIVGAETFY
KELQKQITK
AALDLSHFL
KRQDILDLW
HTQGYFPDW

Conservation

0.7781
0.7643
0.7167
0.8726
0.6723
0.681
0.6235
0.8723
0.9407
0.7257
0.8697

P

Covarying
position

Covarying position
conservation

LANL

A146P
V362I
ND
ND
ND
ND
ND
ND
ND
ND
E64Q

0.7449
0.8242
NA
NA
NA
NA
NA
NA
NA
NA
0.8876

8.31E-05
7.22E-12
NA
NA
NA
NA
NA
NA
NA
NA
2.82E-04

b

98Chronicc

No. of
patientsd

1.04E-02
1.34E-05
NA
NA
NA
NA
NA
NA
NA
NA
2.51E-03

11
7
NA
NA
NA
NA
NA
NA
NA
NA
5

and correlate sequence changes with the expression of specific
host HLA alleles has enabled a growing number of studies
identifying HLA-associated mutations in HIV-1 (14, 16, 51, 58,
65). These studies have begun to provide substantial insight
not only into the frequency and complexity of immune-driven
mutations but also into the mechanisms associated with “protective” HLA alleles. Frater et al. (29) recently illustrated that
HLA alleles associated with slower disease progression were
most often associated with CD8⫹ T-cell responses that drive
viral escape in Gag, Pol, and Nef, supporting that “protective”
HLA alleles may restrict uniquely strong CD8⫹ T-cell responses. Our study builds upon this work by extending
these analyses to the entire HIV-1 genome, revealing the importance of distinguishing between acute-phase immunodominant responses and chronic responses, and specifically addressing the issue of viral sequence constraints by taking into
account the entropy of escaping residues. Through these combined analyses we were able to illustrate that early immunodominant CD8 responses restricted by “protective” HLA alleles primarily select for viral escape mutations in highly
conserved regions of HIV-1, suggesting that the protection
conferred by specific HLA alleles on HIV-1 disease control
may depend upon the costs to replicative capacities required to
successfully escape from early immunodominant responses.
HIV-1 mutants with diminished replication fitness have been
known to provide clinical benefit in practice. For example,
many clinicians have chosen to continue to use 3TC even after
the 3TC resistance mutation M184V has emerged to take advantage of the viral replicative defect caused by this mutation
(18).
Many of the protective MHC class I alleles, such as HLAB27, HLA-B57, and Mamu-A*01, preferentially restrict CD8⫹
T-cell responses targeting the highly conserved Gag protein
(15, 59, 74, 77). The importance of targeting CD8 epitopes in
Gag not only may be due to the sequence conservation of Gag
but also may be due to the early presentation of CD8 epitopes
in Gag derived from the incoming capsid particle prior to de
novo protein synthesis of other viral proteins (70). It is noteworthy, however, that other MHC class I alleles such as HLAB51, Mamu-B08, and Mamu-B17 associated with the control of

HIV-1 and SIV do not immunodominantly target CD8
epitopes in Gag but rather target other viral proteins such as
Pol, Vif, and Nef (8, 52–54). Indeed, many of the immunodominant CD8 responses restricted by “protective” HLA alleles were found to drive viral escape in non-Gag proteins,
although notably still at highly conserved residues. Therefore,
in the development of an HIV-1 vaccine it may be important to
consider other highly conserved regions of HIV-1 outside of
Gag in order to provide ample targets for the diversity of HLA
alleles in the population.
The moderate size of the current data set limited the present
study to HLA-associated mutations restricted by common
HLA alleles, as well as those HLA alleles for which immunodominance patterns are known, since the original study by
Altfeld et al. (8) was not an exhaustive analysis for all known
HLA alleles. Similarly, it is likely that we did not have the
power to detect CTL escape mutations associated with subdominant CD8⫹ T-cell responses. In addition, since our study
does not focus on end-stage individuals, late-arising CTL escape mutations will not be represented in our study, as well as
early escape mutations targeted by acute-phase CD8⫹ responses. Therefore, while the correlation between the most
immunodominant CD8⫹ responses and likelihood for viral
escape was very strong in our study, this correlation might
diminish as subjects are monitored later into infection. Further
broadening of the data set to a larger cohort will be required to
extend our analyses to examine the relative contribution of
these additional responses to early immune control of HIV-1.
More importantly, the approach of utilizing viral sequence
polymorphisms as a measurement of the impact of particular
CD8⫹ T responses on HIV-1 fitness obviously does not take
into account CD8 epitopes that do not escape. Here, larger
datasets will enable determining whether in fact some epitopes
are completely refractory to escape or escape only late in
infection. Finally, it will be important to extend these analyses
to other clades of HIV-1 to determine whether similar correlates of immune control exist in the setting of different viral
strains and different frequencies of HLA alleles.
In conclusion, these data provide an initial assessment of
HLA-associated sequence polymorphisms across the entire
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a
Mutations are labeled in the form XNNNY, where X is the consensus residue, Y is the mutant residue, and NNN is the HXB2 position. ND, not detected; NA,
not available.
b
LANL P values were determined by using sequences from the LANL database.
c
98Chronic P values were determined by using HIV sequences from our cohort of 98 subjects.
d
That is, the number of patients from our cohort that simultaneously contain both mutations.
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HIV-1 proteome and suggest an important influence of early
immunodominant CD8⫹ T-cell responses not only on viral
evolution but also potentially on the outcome of HIV-1 infection. More importantly, we show that the HLA alleles that
correlate with disease control are capable of selecting for viral
sequence polymorphisms in highly conserved regions of
HIV-1. Taken together, these findings suggest that vaccines
designed to elicit CD8⫹ T-cell responses may need to focus
responses against highly conserved regions of the virus that
would exact a substantial impact on viral fitness.
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HIV-1 proteome and suggest an important influence of early
immunodominant CD8⫹ T-cell responses not only on viral
evolution but also potentially on the outcome of HIV-1 infection. More importantly, we show that the HLA alleles that
correlate with disease control are capable of selecting for viral
sequence polymorphisms in highly conserved regions of
HIV-1. Taken together, these findings suggest that vaccines
designed to elicit CD8⫹ T-cell responses may need to focus
responses against highly conserved regions of the virus that
would exact a substantial impact on viral fitness.
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Abstract
Background: A recently identified genetic polymorphism located in the 5' region of the HLA-C
gene is associated with individual variations in HIV-1 viral load and with differences in HLA-C
expression levels. HLA-C has the potential to restrict HIV-1 by presenting epitopes to cytotoxic T
cells but it is also a potent inhibitor of NK cells. In addition, HLA-C molecules incorporated within
the HIV-1 envelope have been shown to bind to the envelope glycoprotein gp120 and enhance viral
infectivity. We investigated this last property in cell fusion assays where the expression of HLA-C
was silenced by small interfering RNA sequences. Syncytia formation was analyzed by co-cultivating
cell lines expressing HIV-1 gp120/gp41 from different laboratory and primary isolates with target
cells expressing different HIV-1 co-receptors. Virus infectivity was analyzed using pseudoviruses.
Molecular complexes generated during cell fusion (fusion complexes) were purified and analyzed
for their HLA-C content.
Results: HLA-C positive cells co-expressing HIV-1 gp120/gp41 fused more rapidly and produced
larger syncytia than HLA-C negative cells. Transient transfection of gp120/gp41 from different
primary isolates in HLA-C positive cells resulted in a significant cell fusion increase. Fusion efficiency
was reduced in HLA-C silenced cells compared to non-silenced cells when co-cultivated with
different target cell lines expressing HIV-1 co-receptors. Similarly, pseudoviruses produced from
HLA-C silenced cells were significantly less infectious. HLA-C was co-purified with gp120 from cells
before and after fusion and was associated with the fusion complex.
Conclusion: Virionic HLA-C molecules associate to Env and increase the infectivity of both R5
and X4 viruses. Genetic polymorphisms associated to variations in HLA-C expression levels may
therefore influence the individual viral set point not only by means of a regulation of the virusspecific immune response but also via a direct effect on the virus replicative capacity. These findings
have implications for the understanding of the HIV-1 entry mechanism and of the role of Env
conformational modifications induced by virion-associated host proteins.

Page 1 of 15
(page number not for citation purposes)

4. Matucci2008 (truncated)

Retrovirology

BioMed Central

Open Access

Research Retrovirology 2008, Vol. 5, pp: 68-83

HLA-C increases HIV-1 infectivity and is associated with gp120
Andrea Matucci1, Paola Rossolillo1, Miriam Baroni2, Antonio G Siccardi2,
Alberto Beretta3 and Donato Zipeto*1
Address: 1Laboratory of Molecular Biology, Department of Mother and Child, Biology and Genetics, Section of Biology and Genetics, University
of Verona, Strada le Grazie 8, 37134, Verona, Italy, 2University of Milan and DIBIT-San Raffaele Scientific Institute, Via Olgettina 58, 20132, Milan,
Italy and 3Infectious Diseases Department, IRCCS Ospedale San Raffaele, Via Stamira d'Ancona 20, 20127, Milan, Italy
Email: Andrea Matucci - andrea.matucci@medicina.univr.it; Paola Rossolillo - paola.rossolillo@medicina.univr.it;
Miriam Baroni - baroni.miriam@hsr.it; Antonio G Siccardi - siccardi.antonio@hsr.it; Alberto Beretta - beretta.alberto@hsr.it;
Donato Zipeto* - donato.zipeto@univr.it
* Corresponding author

Published: 1 August 2008
Retrovirology 2008, 5:68

doi:10.1186/1742-4690-5-68

Received: 13 June 2008
Accepted: 1 August 2008

This article is available from: http://www.retrovirology.com/content/5/1/68
© 2008 Matucci et al; licensee BioMed Central Ltd.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract
Background: A recently identified genetic polymorphism located in the 5' region of the HLA-C
gene is associated with individual variations in HIV-1 viral load and with differences in HLA-C
expression levels. HLA-C has the potential to restrict HIV-1 by presenting epitopes to cytotoxic T
cells but it is also a potent inhibitor of NK cells. In addition, HLA-C molecules incorporated within
the HIV-1 envelope have been shown to bind to the envelope glycoprotein gp120 and enhance viral
infectivity. We investigated this last property in cell fusion assays where the expression of HLA-C
was silenced by small interfering RNA sequences. Syncytia formation was analyzed by co-cultivating
cell lines expressing HIV-1 gp120/gp41 from different laboratory and primary isolates with target
cells expressing different HIV-1 co-receptors. Virus infectivity was analyzed using pseudoviruses.
Molecular complexes generated during cell fusion (fusion complexes) were purified and analyzed
for their HLA-C content.
Results: HLA-C positive cells co-expressing HIV-1 gp120/gp41 fused more rapidly and produced
larger syncytia than HLA-C negative cells. Transient transfection of gp120/gp41 from different
primary isolates in HLA-C positive cells resulted in a significant cell fusion increase. Fusion efficiency
was reduced in HLA-C silenced cells compared to non-silenced cells when co-cultivated with
different target cell lines expressing HIV-1 co-receptors. Similarly, pseudoviruses produced from
HLA-C silenced cells were significantly less infectious. HLA-C was co-purified with gp120 from cells
before and after fusion and was associated with the fusion complex.
Conclusion: Virionic HLA-C molecules associate to Env and increase the infectivity of both R5
and X4 viruses. Genetic polymorphisms associated to variations in HLA-C expression levels may
therefore influence the individual viral set point not only by means of a regulation of the virusspecific immune response but also via a direct effect on the virus replicative capacity. These findings
have implications for the understanding of the HIV-1 entry mechanism and of the role of Env
conformational modifications induced by virion-associated host proteins.
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Background
A whole-genome association study of major genetic determinants for host control of HIV-1 has identified two polymorphisms that explain nearly 15% of the variation
among individuals in viral load during the asymptomatic
set-point period of infection. One of these polymorphisms is located in the 5' region of the HLA-C gene, 35
kb away from transcription initiation and has been
reported to be associated with differences in HLA-C
expression levels [1]. As a classical MHC class I gene, HLAC has the potential to restrict HIV-1 by presenting
epitopes to cytotoxic T cells (CTLs) [2,3], resulting in the
destruction of infected cells. However, the potential ability of HLA-C to present epitopes to CTLs is severely limited by its poor expression at the cell surface (10-fold
lower than either HLA-A or -B) [4] and its tendency to
accumulate as free heavy chains or heavy chains associated with β2-microglobulin but free of peptides as a result
of poor assembly [5]. HLA-C has also the least diversity of
the three classical MHC class I loci. Accordingly, an analysis of the class I restricted CD8+T cell responses against
HIV-1 revealed that variation in viral set-point and absolute T cell count is strongly associated with particular
HLA-B, but not HLA-A or HLA-C allele expression [6]. In
addition, HLA-Cw4/+ heterozygosity promotes rapid progression to AIDS illness, as does HLA-Cw4/Cw4 homozygosity [7]. Interestingly, the virus has evolved a strategy to
selectively down-regulate HLA-A and -B but not HLA-C,
via the regulatory protein Nef [8]. The immunity of HLAC to Nef-mediated down modulation confers to the virus
the capacity to escape NK cell attack since HLA-C is a dominant inhibitory ligand of NK cells [9]. Thus, the overall
trade-off of high HLA-C expression might be favourable to
the virus, and not to the host. The relative importance of
CTLs and NK cells in vivo is still unclear and the interpretation of genetic studies showing association to viral setpoint is particularly complex.
Like other MHC class I and II molecules, HLA-C is selectively incorporated into the HIV-1 envelope [10,11]. A
study previously reported by our group [12] demonstrated
that virion-associated HLA-C molecules have a profound
influence on the infectivity of HIV-1. MHC class I negative
cell lines were non permissive for the replication of primary HIV-1 isolates and only partially permissive for the
replication of T cell line adapted viruses. Transfection of
HLA-Cw4 into these cell lines restored their capacity to
support viral replication. The increased infectivity of
viruses grown in the presence of HLA-Cw4 was associated
with changes in viral envelope protein conformation,
which included an enhanced expression of epitopes not
normally exposed upon CD4 binding.
Here we further investigate this phenomenon in a different experimental system where the expression of HLA-C

http://www.retrovirology.com/content/5/1/68

was selectively silenced by small interfering RNA
sequences (siRNA) and the infectivity-enhancement effect
evaluated in fusion assays with cells expressing CCR5
and/or CXCR4 co-receptors. To overcome unknown
effects of other viral gene products on viral infectivity,
pseudotyped viruses expressing the same viral genome
backbone, but different env, were used. The association of
HLA-C with Env was tested using our previously reported
technique for the detection of molecular complexes
formed at the surface of cells during the fusion process
(fusion complexes) [13].

Results
Effects of HLA-C on the HIV-driven fusion process
To assess the role of HLA-C in the fusion process we used
a cell fusion assay between CHO cells expressing gp120/
gp41, either alone or in combination with HLA-C and
CHO cells expressing CD4-CCR5 (Table 1) [13]. When
CHO-gp120-HLA-C cells were co-cultivated with CHOCD4-CCR5 cells, a dramatic increase (p < 0.05) in the
number and size of syncytia, as compared to those
obtained with the same cells not expressing HLA-C, was
observed (Fig. 1A). The increased fusion efficiency was
not due to a higher expression level of gp120/gp41 in
CHO-gp120-HLA-C cells, since they express on average
27% less gp120/gp41 than CHO-gp120/gp41 cells, when
analyzed in ELISA using HIV-1 positive human sera (Fig.
1B).

Similar results were obtained in a different cell fusion
assay where CHO and CHO-HLA-C cells, transiently
transfected with gp120/gp41 from different primary and
laboratory HIV-1 isolates, were fused with TZM-bl cells
and fusion quantified by luciferase transactivation. All
gp120/gp41 tested (93MW965, 91US005, 92UG024)
showed higher fusion efficiency when co-cultivated with
TZM-bl cells if co-expressed with human HLA-C (Fig. 2).
Only two X4-tropic isolates (J500 and NDK) failed to
show a statistically significant fusion increase.
HLA-C silencing of cells expressing gp120/gp41
HeLa cells constitutively express HLA-C and HLA-A and,
at lower levels, HLA-B [14]. Various HeLa-derived cell
lines, constitutively expressing HIV-1 Env, were silenced
by HLA-C specific siRNAs (Table 1). The expression of
gp120 in HeLa-ADA, -LAI and -NDK, as well as that of β2microglobulin and GAPDH genes was not affected.

There was no unwanted off-target silencing of non HLA-C
genes (Fig. 3A). The expression of HLA-C protein on
HeLa-ADA and 293T cells was undetectable at 72 hours
from siRNA transfection (Fig. 3B). Fusion efficiency,
determined by counting the number of syncytia formed,
was significantly lower (p < 0.01) when HLA-C silenced
cells expressing HIV-1 gp120/gp41 of the LAI strain were
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Figure
Comparison
5 of the fusion efficiency of HLA-C silenced HeLa-Env cells with 3T3.T4.CCR5 and 3T3.T4.CXCR4 cells
Comparison of the fusion efficiency of HLA-C silenced HeLa-Env cells with 3T3.T4.CCR5 and 3T3.T4.CXCR4
cells. HLA-C silenced (+, grey bars) and non-silenced (-, black bars) HeLa cells expressing gp120/gp41 of different HIV-1 isolates (ADA, LAI, NDK) co-cultivated with NIH 3T3.T4.CXCR4 and NIH 3T3.T4.CCR5 cells. Fusion efficiency of X4 tropic
gp120 LAI is significantly lower (p < 0.01) in HLA-C silenced cells when fusing with CXCR4 target cells. Similarly, fusion efficiency of the R5 tropic gp120 ADA is lower (p < 0.01) in HLA-C silenced cells when fusing with CCR5 target cells. The fusion
of ADA gp120 in HLA-C silenced cells with cells expressing CXCR4 is significantly (p < 0.01) less efficient, while that of LAI
gp120 with cells expressing CCR5 is similar, irrespective of HLA-C silencing. The NDK gp120 is HLA-C insensitive, when using
either the CXCR4 or the CCR5 co-receptor.

domain alpha helix, e. g. in proximity to the sites at which
essentially all the polymorphic HLA-C positions cluster.
This suggests that HLA-C polymorphism is unlikely to
influence this association, and that the residues important
for co-immunoprecipitation reside within the relatively
invariant HLA-C backbone. In line with this finding, we
have observed the infectivity-enhancement effect with all
the alleles tested so far, suggesting that most HLA-C alleles
bind Env. We cannot however exclude the possibility that
some HLA-C allelic variants may be more efficient than
others in binding Env and enhancing viral infectivity.
An implication of these findings is that HLA-C may be
selectively involved in protective immunity. A protective
effect was observed in HIV serodiscordant couples with
unmatched HLA-C alleles [23] and anti-HLA antibodies
are frequent in exposed, but seronegative subjects [24,25].
It has also been reported that MHC class I concordance is
associated with an increased risk of mother to child HIV1 transmission [26,27]. Since early studies in primates
were suggestive of anti-MHC antibodies being protective

[28], the possibility of using HLA molecules for a HIV-1
vaccine has long been debated [29,30]. Our data point to
an association between HLA-C and Env in mature virions
which may induce the expression of critical conformational epitopes [12]. Since the few Env that showed lower
sensitivity to HLA-C are X4 tropic, the inclusion of HLA-C
in new immunogenic formulations may help eliciting
broadly neutralizing antibodies that would be important
for the in vivo host control of R5 tropic strains of HIV-1.

Conclusion
HLA-C influences viral replication by at least three distinct
and opposite mechanisms: induction of cytotoxic T cells
(suppression), inhibition of NK cells (enhancement) and
enhancement of virus infectivity. This last effect is associated to a specific association of virionic HLA-C molecules
to Env. The immunity of HLA-C to the Nef-induced downregulation confers to the virus not only the capacity to
escape NK cells control but also a higher replicative capacity suggesting that high HLA-C expression is advantageous
to the virus and not the host.
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A broad Gag-specific CD8ⴙ T-cell response is associated with effective control of adult human immunodeficiency virus (HIV) infection. The association of certain HLA class I molecules, such as HLA-B*57, -B*5801,
and -B*8101, with immune control is linked to mutations within Gag epitopes presented by these alleles that
allow HIV to evade the immune response but that also reduce viral replicative capacity. Transmission of such
viruses containing mutations within Gag epitopes results in lower viral loads in adult recipients. In this study
of pediatric infection, we tested the hypothesis that children may tend to progress relatively slowly if either they
themselves possess one of the protective HLA-B alleles or the mother possesses one of these alleles, thereby
transmitting a low-fitness virus to the child. We analyzed HLA type, CD8ⴙ T-cell responses, and viral sequence
changes for 61 mother-child pairs from Durban, South Africa, who were monitored from birth. Slow progression was significantly associated with the mother or child possessing one of the protective HLA-B alleles, and
more significantly so when the protective allele was not shared by mother and child (P ⴝ 0.007). Slow
progressors tended to make CD8ⴙ T-cell responses to Gag epitopes presented by the protective HLA-B alleles,
in contrast to progressors expressing the same alleles (P ⴝ 0.07; Fisher’s exact test). Mothers expressing the
protective alleles were significantly more likely to transmit escape variants within the Gag epitopes presented
by those alleles than mothers not expressing those alleles (75% versus 21%; P ⴝ 0.001). Reversion of
transmitted escape mutations was observed in all slow-progressing children whose mothers possessed protective HLA-B alleles. These data show that HLA class I alleles influence disease progression in pediatric as well
as adult infection, both as a result of the CD8ⴙ T-cell responses generated in the child and through the
transmission of low-fitness viruses by the mother.
Human immunodeficiency virus (HIV)-specific CD8⫹ T
cells play a central role in controlling viral replication (12). It
is the specificity of the CD8⫹ T-cell response, particularly the
response to Gag, that is associated with low viral loads in HIV
infection (7, 17, 34). Although immune control is undermined
by the selection of viral mutations that prevent recognition by
the CD8⫹ T cells, evasion of Gag-specific responses mediated
by protective class I HLA-B alleles typically brings a reduction
in viral replicative capacity, facilitating subsequent immune
control of HIV (2, 20, 21). The same principle has been demonstrated in studies of simian immunodeficiency virus infection
(18, 22).
Recent studies showed that the class I HLA-B alleles that
protect against disease progression present more Gag-specific
CD8⫹ T-cell epitopes and drive the selection of more Gag-
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specific escape mutations than those alleles that are associated
with high viral loads (23). These protective HLA-B alleles not
only are beneficial to infected individuals expressing those alleles but also benefit a recipient following transmission, since
the transmitted virus carrying multiple Gag escape mutations
may have substantially reduced fitness (3, 4, 8). However, there
is no benefit to the recipient if he or she shares the same
protective allele as the donor because the transmitted virus
carries escape mutations in the Gag epitopes that would otherwise be expected to mediate successful immune control in
the recipient (8, 11).
The sharing of HLA alleles between donor and recipient
occurs frequently in mother-to-child transmission (MTCT).
The risk of MTCT is related to viral load in the mother, and a
high viral load is associated with nonprotective alleles, such as
HLA-B*18 and -B*5802. This may contribute in two distinct
ways to the more rapid progression observed in pediatric HIV
infection (24, 26, 27). First, because infected children share
50% or more of their HLA alleles with the transmitting
mother, they are less likely than adults to carry protective HLA
alleles (16). Thus, infected children as a group carry fewer
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detected. In contrast, a strong response was initially observed to the B*5801 epitope TSTLQEQIAW; the escape
mutation in this epitope, T242N, was first noted at 10
months of age, coincident with a decline in the size of the
CD8⫹ T-cell response (Fig. 2).
Taken together, these data suggest that infected children
have the potential to generate Gag-specific CD8⫹ T-cell responses and to delay disease progression if they possess protective HLA-B alleles to which the transmitted maternal virus
is not preadapted. As in adult infection, the protective HLA
class I alleles that drive selection of Gag escape mutations are
beneficial not only to the infected mother but also to the
infected child not expressing the same alleles. These studies
and those reported before could help to identify individuals
who qualify for delayed treatment as a result of the advantage
of acquisition of a less fit virus. This may be especially relevant
to infected children, since the generally observed rapid progression observed in infancy currently dictates that all infants
be put on immediate ART following diagnosis.
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ABSTRACT
Background
Very little is known about the immunodominance patterns of HIV-1-specific T cell responses
during primary HIV-1 infection and the reasons for human lymphocyte antigen (HLA)
modulation of disease progression.

Methods and Findings
In a cohort of 104 individuals with primary HIV-1 infection, we demonstrate that a subset of
CD8þ T cell epitopes within HIV-1 are consistently targeted early after infection, while other
epitopes subsequently targeted through the same HLA class I alleles are rarely recognized.
Certain HLA alleles consistently contributed more than others to the total virus-specific CD8þ T
cell response during primary infection, and also reduced the absolute magnitude of responses
restricted by other alleles if coexpressed in the same individual, consistent with immunodomination. Furthermore, individual HLA class I alleles that have been associated with slower HIV-1
disease progression contributed strongly to the total HIV-1-specific CD8þ T cell response during
primary infection.

Conclusions
These data demonstrate consistent immunodominance patterns of HIV-1-specific CD8þ T cell
responses during primary infection and provide a mechanistic explanation for the protective
effect of specific HLA class I alleles on HIV-1 disease progression.
The Editors’ Summary of this article follows the references.

This is an open-access article
distributed under the terms of the
Creative Commons Public Domain
declaration which stipulates that,
once placed in the public domain,
this work may be freely reproduced,
distributed, transmitted, modified,
built upon, or otherwise used by
anyone for any lawful purpose.
Abbreviations: ALIVE, AIDS Linked
to Intravenous Experience; ELISPOT,
enzyme-linked immunosorbent spot;
HLA, human lymphocyte antigen;
HR, hazard ratio; MACS, Multicenter
AIDS Cohort Study; MHCS,
Multicenter Hemophilia Cohort
Study; PBMC, peripheral blood
mononuclear cell; SFC, spot-forming
cell; SFCCC, San Francisco City Clinic
Cohort
* To whom correspondence should
be addressed. E-mail: maltfeld@
partners.org

PLoS Medicine | www.plosmedicine.org

1851

October 2006 | Volume 3 | Issue 10 | e403

Immunodominance in Primary HIV Infection

HIV-1 Western blot (fewer than three bands), and the
remaining 35 (34%) were identiﬁed within the ﬁrst 6 mo of
HIV-1 infection, as deﬁned by a negative HIV-1 p24 ELISA
during the past 6 mo or a negative detuned HIV-1 ELISA at
the time of enrollment. The majority of study participants
were men who have sex with men (98 [94%]) and individuals
of Northern European descent (83 [80%]). The average viral
load at presentation was 3,527,188 HIV-1 RNA copies/ml
(range 50–84,200,000 copies) and the average CD4þ T cell
count was 520 cells/ll (range 42–1,334). The majority of
individuals (88 [85%]) initiated HAART during primary
infection. The assessment of HIV-1-speciﬁc CD8þ T cell
responses was performed on frozen peripheral blood mononuclear cell (PBMC) samples collected 8 wk (6 10 d) following
initial presentation. This time point was chosen because
previous studies had demonstrated that a substantial subset
of individuals with acute HIV-1 infection have no detectable
or only very weakly detectable HIV-1-speciﬁc CD8þ T cell
responses at presentation, and that the HAART-induced
decline in virus-speciﬁc T cell responses occurs after 8 wk of
treatment in individuals treated with HAART during acute or
early HIV-1 infection [12]. The study was approved by the
respective institutional review boards and was conducted in
accordance with human experimentation guidelines of the
Massachusetts General Hospital, and all study participants
provided informed consent prior to enrollment in the study.

Introduction
The majority of individuals infected with HIV-1 develop an
acute viral syndrome within 7–21 days of infection, characterized primarily by fever, lymphadenopathy, and cutaneous
rash in the presence of very high levels of HIV-1 replication
[1,2]. Both innate and adaptive immune responses, including
natural killer cell responses, HIV-1-speciﬁc CD4þ and CD8þ T
cell responses, and neutralizing antibodies have been associated with the subsequent resolution of the clinical
symptoms and the decline of HIV-1 RNA levels to so-called
viral set point levels. In particular, the ﬁrst appearance of
HIV-1-speciﬁc CD8þ T cells in the peripheral blood has been
shown to be temporally associated with the initial decline of
HIV-1 viremia during primary infection [3,4], suggesting a
crucial role of these early virus-speciﬁc T cells in the control
of viral replication. This is further supported by the lack of
decline in viral replication in simian immunodeﬁciency virusinfected macaques depleted of CD8þ lymphocytes [5–7] and
the selection of viral strains containing sequence variations
within targeted CD8þ T cell epitopes during this early phase
of infection [8–11], indicative of HLA class I-restricted
immune selection pressure on the virus.
Despite this presumed immune-mediated decline in acute
viremia, HIV-1-speciﬁc CD8þ T cell responses in primary
infection are of lower magnitude and more narrowly directed
against a limited number of epitopes than are HIV-1-speciﬁc
CD8þ T cell responses detected in chronic infection [12–15],
indicating that the quality and speciﬁcity, rather than the
quantity, of virus-speciﬁc CD8þ T cell responses may be
associated with the initial control of viral replication [16–20].
However, very little is known about the individual epitopes
targeted during primary HIV-1 infection and their immunodominance pattern, as these studies are complicated by the
high HLA class I diversity in humans, requiring large
numbers of participants with primary infection to draw
meaningful conclusions. To date, studies of the speciﬁcity of
HIV-1-speciﬁc CD8þ T cell responses during primary HIV-1
infection have been limited in size, focused on individuals
expressing speciﬁc HLA alleles of interest, or assessed the
protein speciﬁcity of these CD8þ T cells without determining
the individual targeted epitopes in the context of the
restricting HLA class I molecules [12–15,21–25].
Here, we describe the characterization of HIV-1-speciﬁc
CD8þ T cell responses on the single-epitope level in a cohort
of 104 individuals identiﬁed during primary HIV-1 infection.
The aim of the study was to identify the immunodominant
CD8þ T cell epitopes within HIV-1 that are targeted during
primary HIV-1 infection, and to assess the contribution of
CD8þ T cell responses restricted by the individual HLA class I
molecules to the total virus-speciﬁc CD8þ T cell response
early in infection.

HLA Typing
High- and intermediate-resolution HLA class I typing was
performed by sequence-speciﬁc PCR according to standard
procedures. DNA was extracted from PBMCs using the
Puregene DNA Isolation Kit for blood (Gentra Systems,
Minneapolis, Minnesota, United States).

IFN-c Enzyme-Linked Immunosorbent Spot Assay
HIV-1-speciﬁc CD8þ T cell responses were quantiﬁed by
IFN-c enzyme-linked immunosorbent spot (ELISPOT) assay,
using a panel of 173 peptides corresponding to described
optimal clade B cytotoxic T lymphocyte epitopes [26]. PBMCs
were plated at 100,000 cells per well with peptides at a ﬁnal
concentration of 105 molar in 96-well plates and processed
as described [12]. PBMCs were incubated with media alone
(negative control) or PHA (positive control). The number of
speciﬁc IFN-c secreting T-cells were counted using an
automated ELISPOT reader (AID, Strassberg, Germany),
calculated by subtracting the average negative control value
and expressed as spot-forming cells (SFCs)/106 input cells.
Negative controls were always 30 SFCs/106 input cells or
fewer. A response was considered positive at 50 SFCs/106
input cells or more and when the total number of spots were
at least three times greater than the mean number of spots in
the negative control wells.

Hazard Ratios for Disease Outcomes

Methods
Study Participants

The hazard ratios (HRs) for the various HLA alleles were
determined previously using Cox model analyses [27–30].
Brieﬂy, 1,217 HIV-1-infected individuals for whom the dates
of seroconversion were known were derived from four
cohorts: the Multicenter AIDS Cohort Study (MACS, n ¼
522), the Multicenter Hemophilia Cohort Study (MHCS, n ¼
322), the San Francisco City Clinic Cohort (SFCCC, n ¼ 87),
and the AIDS Linked to Intravenous Experience (ALIVE, n ¼

A total of 104 HIV-1-infected individuals were enrolled in
this study at the Massachusetts General Hospital in Boston,
Massachusetts, United States, and a private medical clinic
(Jessen-Praxis) in Berlin, Germany. Of this group, 69 (66%)
individuals were identiﬁed during acute HIV-1 infection, as
deﬁned by either a negative HIV-1 p24 ELISA or an evolving
PLoS Medicine | www.plosmedicine.org
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Introduction
An important area of HIV research is the immune
response and how HIV circumvents it to create a
successful and chronic infection. Various studies have
provided not only a basic understanding of ‘how HIV
invades’ but also clues for the development of vaccines to
fight against AIDS. Although HIV initially evokes an
immune response, it later escapes and evades the immune
system for a successful infection. Methods of escape from
the immune response include rapid mutations altering the
organization of cell surface receptors, alterations in the
expression profile of human leukocyte antigens (HLA)
and destruction of immune effector cells.
HIV infects through exchange of body fluids. The cells
mainly infected by HIVare the T helper cells (CD4 T cells),
dendritic cells and macrophages. This tropism is generated
because HIV utilizes CD4 as a primary receptor plus a
coreceptor: CCR5 (expressed on macrophages, dendritic
cells and T cells) for the R5 HIV strain and CXCR4
(T cells) for the X4 strain [1]. At the early stages of infection,
HIVR5 utilizing CCR5 predominates, whereas at the
later stages HIVX4 using CXCR4 is mainly seen [2,3].
In the early stages of infection, the foremost target is CD4 T
cells [4]. These cells along with other putative targets
harbour mature virus and be carried in the circulation to
lymph nodes and lymphoid organs. Here, the virions
continue to infect immune cells, preferentially CD4 cells
[5], in some more vigorous way as the density of target cells

are higher at these places. This infection as well as the
destruction of CD4 cells later on leads to a profound
decrease in CD4 cell count. The sudden depletion in CD4
T cells is unlikely to be caused simply by direct viralinduced lysis as the number of cells infected initially may
not be sufficient to account for the massive decrease
observed [6]. It has been suggested that bystander apoptosis
induced by viral antigens or cytokines [7,8] and downregulation of CD4 receptor by viral HIV-negative effector
(Nef) protein [9,10] may be involved. Other studies
have emphasized apoptosis mediated by CD95 (FAS) and
CD95L [FAS ligand (FasL)], which, in turn, are stimulated
by increased concentration of viral envelope protein gp120
during infection, as a mechanism to account for the
preferential depletion of CD4 T cells [11,12].
With the continuing decrease in CD4 T cells, there is an
explosive increase in virus production, which then evokes
and is resisted by cellular immune response. After a
peak of viral concentration has been reached, a gradual
decrease is observed. Though activated cytotoxic T cells
(CTL) can partially check infection [13], which is
evident by the appearance by HIV-specific CTL, this
counterattack does not eradicate HIV completely as
replicating viruses can escape the CTL response by
mutation of their activation markers [14] and through
other mechanisms of immune escape. Some studies have
suggested that this decline in virus concentration may be
because of ‘substrate exhaustion’, as it is followed by
depletion of CD4 T cells [15,16], which functions as a
reservoir for viral dissemination.
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Fig. 1. Probable mechanism of viral HIV-negative effector
(Nef)-mediated major histocompatibility complex class
I internalization that may fail with human leukocyte antigen
(HLA) G. Nef and adaptor protein (AP) 1 interact with the
cytoplasmic domain of the class I in the trans-Golgi network
(TGN) and then redirect class I protein-containing vesicles to
the endolysosomal pathway. The truncated cytoplasmic
domain of HLA-G makes Nef-mediated recycling ineffective
as Nef proteins cannot dock on HLA-G and so surface
expression of HLA-G does not change during HIV infection.

to internalization of MHC class I molecules to ‘ADP
ribosylation factor compartments’ that finally reach the
TGN. However, more recent work has shown that Nef
disrupts transport of MHC class I in the secretory pathway
to the cell surface, rather than causing endocytosis from
the cell surface. Further, it has been demonstrated that
adaptor protein 1 (AP-1) is necessary for Nef to disrupt
class I trafficking [42]. The main function of AP-1 is to
sort proteins at the TGN by binding their cytoplasmic
tails to clathrin and directing them to endolysosomal
pathways [43]. Nef-mediated disruption of class I surface
expression may occur by allowing interaction between
the cytoplasmic tail of an MHC class I molecule and
AP-1, thus redirecting the molecules from the TGN to
the lysosomes for degradation [42] as shown in Fig. 1.
Recent work by Kasper et al. [44] has shown that Nef
targets MHC class I in T cells early in the biosynthetic
pathway by preferentially binding newly synthesized

hypophosphorylated class I molecules. The preferential
interaction of Nef prevents phosphorylation of these
molecules and so also prevents them reaching the cell
surface In summary, the work of Collins and coworkers
[42,44] has demonstrated that Nef preferentially binds
hypophosphorylated class I molecules, thus preventing
completion of the secretory pathway that would finally
provide an antigen-presenting receptor on the cell surface
to activate killing of the virus-infected cell. Transport of
class I molecules from the cell surface to the TGN occurs
normally in infected cells but the class I molecules are
then diverted to lysosomes through Nef-assisted binding
of AP-1 to their cytoplasmic tail; this further inhibits their
phosphorylation as well as their surface expression.

HLA genotype and cytotoxic T cells
The HLA antigens activate cellular responses by forming
the antigen-presenting component on the cell surface that
interacts with CTL, directs them against the infected cells
and activates natural killer (NK) cells of the innate
immune response by interacting with the killer cell
immunoglobulin-like receptor (KIR) family of surface
molecules. There is substantial evidence that immune
responses are effective in challenging the infection and
transmission of HIV disease.
Though various genetic factors have been associated with
susceptibility to HIV (Table 1), investigations of the role
of HLA antigens has concentrated on three areas: zygosity
of HLA loci, sharing of alleles, and specific HLA allelic/
haplotypic association with the outcome of disease. It
has been shown that homozygosity at the class I loci is
associated with relatively rapid progression to disease
compared with heterozygotes [54]. This heterozygote
advantage probably stems from the ability of such
individuals to present a wider array of virus-derived
epitopes to a more diverse CTL repertoire. This
heterozygous repertoire will not only enable recognition
and destruction of a greater breadth of infectious agents

Table 1. Various genetic factors in HIV susceptibility.
Gene

Allele

Impact on disease

Mode of action

Reference

CCR5
CCR5
CCR2
CCL5
CXCL12
HLA-A, B, C

Del 32
P1
V64I
In1.1C
CXCL12 30 A
Homozygous

Prevents infection and AIDS
Progression of disease
Delayed disease progression
Accelerate disease progression
Delayed disease progression
Disease progression

[45]
[46]
[47]
[48]
[49]
[50]

HLA-B

BM27
BM57
BM35
GM0105N
HLA-EG

Delayed disease progression
Delayed disease progression
Rapid disease progression
Decreased risk of infection
Decreased risk of infection

Non-functional coreceptor
Enhanced expression of CCR5
Interacts with CXCR4
Decreased coreceptor ligand (RANTES)
Increased coreceptor ligand (SDF)
Narrow range of epitope recognition; selection
of immune escape mutations
Delayed immune escape
Delayed immune escape
Less effective clearance by cytotoxic T cells
Reduced immunodownregulation
Reduced natural killer cell regulation

HLA-G
HLA-E

[51]
[51]
[52]
[53]
[53]

SDF, stromal cell derived factor 1; RANTES, regulated upon activation, normal T-cell expressed, and secreted.
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but will also require many more escape mutations
for effective avoidance of the CTL response. Hence,
heterozygosity may be associated with delayed progression to AIDS [50]. However, it is also conceivable
that virus may become adapted and resistant to highly
frequent alleles more easily in that population, and so a
rare allele may have selective advantage in HIV disease
progression [55]. The rare allele selective advantage may
work in conjunction with heterozygote advantage, as the
protective rare alleles are more likely to be present
as heterozygotes.
Another genetic component that predisposes to the
progression of AIDS is HLA sharing. Where the MHC
class I is common to the donor and recipient, the basis of
successful transplantation, it would lead to increased
susceptibility to viral infection. One natural model of viral
transmission between HLA-sharing donor and recipient
is mother-to-child transmission, which further supports
increased transmission of HIV in these circumstances
[56]. Further, significant increase in susceptibility to HIV
has been shown to be associated with concordance at the
HLA-B locus but not at HLA-A or HLA-C [57].
Knowing that a certain viral escape mechanism is likely to
develop under a particular genetic selection pressure, it
can be anticipated that an escape variant well adapted to a
particular genetic profile and then transmitted to a host
of similar genetic set up would be able to escape
immunological challenges in the new host also. This may
be a mechanism for susceptibility to viral transmission in
hosts with HLA alleles in common. By comparison,
MHC class I disparity may induce anti-HLA antibodies
on passage of the virus and so may prevent HIV infection
at early stages. Such a defence would be lacking in HLA
concordant individuals, increasing successful transmission
of HIV virus.
Previous research in genetic predisposition to viral
susceptibility in the context of HLA has concentrated
on specific alleles. Various studies have confirmed the
contribution of specific class I alleles and more particularly
HLA-B alleles in the outcome of disease [58]. This
remarkable contribution of HLA-B may be because this
group has the highest diversity among the class I antigens:
approximately 661 alleles compared with 372 in HLA-A
and 190 alleles in HLA-C [59]. Further, substantially
greater selection pressure would be imposed on HIV by
HLA-B compared with other class I antigens. Consistent
association with delayed disease progression has been seen
with HLA-B27 and HLA-B57 [51]. Though the HIV
HLA-B57-specific epitope ‘TW 10’ may undergo an
escape mutation, T242N, under selective pressure, this may
cost in terms of viral fitness as the virus reverts after
transmission to a new host [60]. Another allele, HLAB35, has been implicated as the class I susceptibility allele
for AIDS [52]. HLA-B35 heterozygotes have a rapid
progression to AIDS, and homozygotes progress twice as

fast as HLA-B35-negative individuals. The most
deleterious effects of HLA-B35 are seen with its two
subtypes, HLA-B3502 and B3503, which have proline
at anchor position 2 of their loaded peptide and
non-tyrosine residue at position 9 [52]. By comparison,
HLA-B3501 containing tyrosine at position 9 does not
have any substantial effect on disease prognosis. While
both HLA-B35 subtypes can equally induce a CTL
response, viral load was cleared less effectively by
non-tyrosine-containing HLA-B3502 and B3503
compared with HLA-B3501 [61]. It may, therefore,
be possible that altered epitope recognition by HLAB3502 and B3503 will induce CTL that may not
specifically function against HIV-1-infected cells.
Some HLA-B alleles have been shown to influence the
outcome of disease progression by interacting with KIR
on NK cells. The Bw4 motif (residues 79–84 of the a3
domain) of various HLA-Bw4 alleles may interact
with activating receptors KIR3DS1 of NK cells, thus
facilitating clearance of HIV-1-infected lymphocytes and
slowing disease progression [62].
Studies have also been performed to examine particular
MHC class II genes, but no consistent effects have been
revealed. One recent study implicated the DRb113–
DQb106 haplotype in viral suppression during treatment [63].

Role of HLA-G and HLA-E in progression of
HIV disease
Among the myriad of mechanisms adopted by HIV to
avoid the human immune response is interference with
the expression of HLA antigens. One evasion strategy is
to downregulate cell surface class I classical antigens
(HLA-A and HLA-B) to avoid HIV-specific CTL
responses. Normally any change in the self HLA profile
of cells is easily detected by immune surveillance and
such cells are then subjected to degradation. However,
despite reduced expression of class I antigens, HIVinfected cells are resistant to lysis by NK cells. During
viraemic HIV-1 infection, there is expansion of an
anergic subset of NK cells that do not respond to
stimulation with MHC-devoid target cells. These NK
cells have increased expression of SHIP (SH2-containing
inositol phosphatase), which may be responsible for
the reduced functional activity of these cells in chronic
HIV-1 infection [64]. Various NK cell receptors that
recognize MHC-independent ligands can regulate key
cytolytic NK functions. A recent study has demonstrated
that these inhibitory receptors recognizing an MHCindependent ligand are overexpressed in SHIP knockout
mice and, therefore, may regulate NK cell cytolytic
activity. This would suggest that SHIP plays an
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individuals. A contradictory report by Derrien et al. [82]
showed downregulation of HLA-G in HIV infection.
Though these authors agreed that this was an Nefindependent process, as HLA-G is unable to interact with
Nef, they thought it was more likely to be a viral protein
U (Vpu)-dependent mechanism as HLA-G possesses a
dilysine motif (RKKSSD) at 4 and 5 from the
carboxy-terminus [67] with which Vpu could interact
and interfere with further intracellular trafficking of
HLA-G. The difference between these two studies may
arise for two reasons. First, Derrien et al. [82] studied
expression in cell lines, which would have subtle
differences in microenvironment from in vivo. Second,
the stage of infection may have a profound effect on the
microenvironment, which, in turn, could alter HLA-G
expression. Derrien et al. [82] studied HLA-G expression
in acute HIV infection, and their results are similar to
other acute viral infections such as human cytomegalovirus and herpes simplex virus. These both decrease cell
surface expression of HLA-G1, but the former particularly can increase HLA-G1 expression upon reactivation
[83,84]. Possibly the expression of HLA-G could be
enhanced in the natural course of HIV infection so that
the situation in chronic infection would be as shown by
Lozano et al. [80].
Further, HLA-G polymorphism is also associated with
the risk of HIV infection. Matte et al. [85] carried out an
extensive study of HLA-G polymorphism in 456 HIVseropositive and 406 HIV-seronegative African women
and found significant association of G0105N with
protection from HIV-1 infection and G010108 with
susceptibility to infection. Allele G0105N is characterized by deletion of cytosine at position 130 of exon 3,
leading to frameshift and introduction of a stop codon in
exon 4 [86]. Hence allele G0105N impedes production
of a functional HLA-G molecule. The most likely reason
for association of G0105N with protection from HIV
infection would be that this impairs the function of HLAG and so downregulation by HIV would be absent or
decreased. Recently Lajoie et al. [53] presented more
extended and explicit data for HLA-G polymorphism in
the same cohort. They found that women carrying
G0105N had a 2.2-fold decreased risk of HIV-1
infection compared with women without G0105N.
They also reported an HIV- seronegative woman who
was homozygous for G0105N.
The G010108 allele, reported to be associated with
increased risk of HIV-1 infection [85], has a synonymous
substitution (proline) of G to A at codon 57. Though this
mutation does not bring about any change in amino acid
sequence, it is in the vicinity of Glu-63, which interacts
with the P2 position of loaded peptide [87]. In the mouse
homologue Qa-2, P1 arginine of the peptide interacts
with Glu-62, Glu-63, Tyr-59 and Trp-167 residues, three
out of four of which are in close proximity to Pro-57.
Another HLA-G allele, G010401, shares variation at

codon 57 with G010108, although it also has a nonsynonymous substitution at codon 110. The G010108/
G010401 genotype has been shown to have a greater
association with increased risk of HIV infection [85].
However, this may be because G010401 is a high
secretor allele associated with increased secretion of
soluble HLA-G molecules, consequently being open to
more systemic downregulation. All individuals identified
with G010108/G010401 were homozygous at codon
57 [85]. Though this position is not directly involved in
the presentation of peptide, zygosity of HLA at this
position could still affect susceptibility to HIV infection.
Aikhionbare et al. [88] have shown that discordance at
codon 57 of HLA-G exon 2 was significantly associated
with non-transmission of HIV-1 infection in mother–
child pairs studied to investigate the risk of perinatal HIV
transmission. This is probably in agreement with the
observations discussed above that HLA sharing leads to
increased susceptibility to HIV-1 transmission. However,
more studies are needed to validate these observations,
particularly for HLA-G.

HIV and the less polymorphic HLA-E
HLA-E was initially recognized as HLA-6.2 and was
mapped to chromosome 6p21.3 between HLA-C and
HLA-A [89]. HLA-E has a wide tissue distribution
including T cells, B cells, activated T lymphocytes and
various other cells such as placenta cells and trophoblasts
[90,91]. HLA-E is less polymorphic, having only three
alleles identified so far. These three alleles can be
differentiated as HLA-ER (0101) and HLA-EG (01031
and 01032) by a non-synonymous substitution of arginine
by glycine at position 107. Alleles 01031 and 01032 differ
only by a synonymous mutation at codon 77.
HLA-E also has NK-regulating properties, as HLA-E
has been identified as a ligand of a subset of the
immunoglobulin superfamily of NK cell receptors, and
their interaction with KIR of NK cells may be responsible
for inhibition of killer activities in these cells [92]. HLA-E
is distinct in that it depends for surface expression on a
highly conserved nonamer peptide derived from the
signal sequence of other class I molecules including HLAA, HLA-B, HLA-C and HLA-G, but not HLA-F [93].
The peptide structure is very important, as only
appropriate peptide can be loaded onto HLA-E, enabling
expression and subsequent protection of target cells by
interaction of the HLA-E–peptide complex with the
CD94/NKG2 receptor of NK cells [94].
A potential role for HLA-E in susceptibility to HIV has
been neglected until a recent report showed that it was
upregulation during p24-positive HIV-1 infection [95].
Though HLA-E has wide tissue distribution, its dependency on peptides derived from MHC class I may affect its
expression on HIV-1-infected cells, as they have decreased
class I expression. However, HLA-E expression could be
supported by peptides derived from HLA-G or of viral
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EFFECT OF A SINGLE AMINO ACID CHANGE IN MHC CLASS I MOLECULES
ON THE RATE OF PROGRESSION TO AIDS
XIAOJIANG GAO, PH.D., GEORGE W. NELSON, PH.D., PETER KARACKI, B.A., MAUREEN P. MARTIN, M.D., JOHN PHAIR, M.D.,
RICHARD KASLOW, M.D., JAMES J. GOEDERT, M.D., SUSAN BUCHBINDER, M.D., KEITH HOOTS, M.D., DAVID VLAHOV, PH.D.,
STEPHEN J. O’BRIEN, PH.D., AND MARY CARRINGTON, PH.D.

ABSTRACT
Background From studies of genetic polymorphisms and the rate of progression from human immunodeficiency virus type 1 (HIV-1) infection to the acquired immunodeficiency syndrome (AIDS), it appears
that the strongest susceptibility is conferred by the
major-histocompatibility-complex (MHC) class I type
HLA-B*35,Cw*04 allele. However, cytotoxic T-lymphocyte responses have been observed against HIV-1
epitopes presented by HLA-B*3501, the most common HLA-B*35 subtype. We examined subtypes of
HLA-B*35 in five cohorts and analyzed the relation of
structural differences between HLA-B*35 subtypes to
the risk of progression to AIDS.
Methods Genotyping of HLA class I loci was performed for 850 patients who seroconverted and had
known dates of HIV-1 infection. Survival analyses with
respect to the rate of progression to AIDS were performed to identify the effects of closely related HLAB*35 subtypes with different peptide-binding specificities.
Results HLA-B*35 subtypes were divided into two
groups according to peptide-binding specificity: the
HLA-B*35-PY group, which consists primarily of HLAB*3501 and binds epitopes with proline in position 2
and tyrosine in position 9; and the more broadly reactive HLA-B*35-Px group, which also binds epitopes
with proline in position 2 but can bind several different amino acids (not including tyrosine) in position
9. The influence of HLA-B*35 in accelerating progression to AIDS was completely attributable to HLAB*35-Px alleles, some of which differ from HLA-B*35PY alleles by only one amino acid residue.
Conclusions This analysis shows that, in patients
with HIV-1 infection, a single amino acid change in
HLA molecules has a substantial effect on the rate of
progression to AIDS. The different consequences of
HLA-B*35-PY and HLA-B*35-Px in terms of disease
progression highlight the importance of the epitope
specificities of closely related class I molecules in the
immune defense against HIV-1. (N Engl J Med 2001;
344:1668-75.)

resist a wide variety of pathogens.4,5 If this model accurately explains the diversity of class I molecules, alleles encoding functionally distinct molecules should
provide a range of protection against a given pathogen. However, accurately assigning HLA alleles or
loci to the defense against a particular infectious disease has been difficult for several reasons. Because of
the extreme polymorphism and fairly even distribution of alleles that characterize the HLA loci, studies
would require large cohorts to achieve sufficient statistical power. The effects of the genetic makeup of
the host on infectious diseases are complex and may
involve multiple loci, a fact that complicates analyses
of the influence of HLA alleles on disease. The patterns of linkage disequilibrium (the nonrandom association between two linked loci) among the many
functionally related loci in the major-histocompatibility-complex (MHC) genes also make it difficult to
identify the causative disease locus.
HLA-B*35, which almost always neighbors HLACw*04 on chromosome 6, has been the only allele
consistently associated with rapid progression to the
acquired immunodeficiency syndrome (AIDS) among
a large number of conflicting or unconfirmed associations between HLA alleles and various outcomes
in patients with human immunodeficiency virus type
1 (HIV-1).6-10 Strong evidence for an effect of HLAB*35,Cw*04 on progression to AIDS has been observed in white but not in black HIV-infected patients
for whom the date of seroconversion is known, raising the question of whether HLA-B*35 or HLACw*04 operates immunologically or, alternatively, is
simply associated with another locus that accelerates
the progression to AIDS.10 Protection against HIV-1
and simian immunodeficiency virus (SIV) has been
strongly correlated with cytotoxic-T-lymphocyte activity.11-14 The molecule encoded by HLA-B*3501,
the most common allele among HLA-B*35 subtypes,
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LA class I molecules present antigenic
epitopes to T lymphocytes, thereby initiating a specific immune response and the
clearance of foreign material.1-3 The genes
encoding HLA class I molecules are highly polymorphic. The great diversity of these genes appears to
have been selected over time so that mammals can
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seroconversion). Thus, the differences in the rate of
progression to AIDS between the HLA- B*35-Px
and HLA-B*35-PY allele groups indicate that the
previously observed HLA-Cw*04 effect is predominantly, if not totally, due to linkage disequilibrium
with HLA-B*35-Px.
DISCUSSION

The use of large, clinically well-defined cohorts in
this study has allowed the identification of specific
subtypes of HLA-B*35 as responsible for the previously reported association between HLA-B*35 and
rapid progression to AIDS. The most common HLAB*35 subtype allele, HLA-B*3501, has little or no
effect on progression to AIDS in either white or black
patients. The finding that specific HLA-B*35-Px subtypes have similar effects in blacks and whites strongly supports the hypothesis that these HLA-B alleles
exert an effect on the immune response to HIV-1
disease.
Peptide-binding assays have shown that amino acid
substitution in the heavy chain at positions 114 (HLAB*3502) and 116 (HLA-B*3502 and B*3503) abolished the ability of the P9 pocket of HLA-B*3501
to bind tyrosine at the carboxy-terminal anchor.39 The
relatively shallow P9 pockets of HLA-B*3502 and
B*3503 do not bind tyrosine but preferentially accommodate smaller hydrophobic residues such as methionine, valine, or leucine.39 The P9 pocket of HLAB*5301 is unable to accommodate tyrosine as well,
and it appears to have no preference for a specific
amino acid.40 We suggest that the difference in affinity for tyrosine at the carboxy-terminal position of
the peptide may be the critical distinction between
HLA-B*35-Px and HLA-B*35-PY. This difference
may influence the relative efficiency of HLA-B*35Px and HLA-B*35-PY in presenting specific HIV-1
epitopes to cytotoxic T lymphocytes and may thereby account for the different effects on progression to
AIDS (Fig. 3).
We have previously shown a strong effect of HLA
class I homozygosity on susceptibility to progression
to AIDS; this effect appeared to be additive, in that
homozygosity at two or three loci had stronger effects than homozygosity at a single locus.10 We could
not assess whether homozygosity for HLA-B*35-Px
would cause even faster progression to AIDS than
heterozygosity for this group, since only two patients
homozygous for HLA-B*35-Px alleles were identified among the white patients who seroconverted.
However, the total group of HLA-B*35 alleles had
a codominant effect in whites (Fig. 1), in whom homozygosity for any combination of HLA-B*35 alleles (in six study participants) was associated with
significantly more rapid progression to AIDS than
having a single copy of the HLA-B*35-Px alleles. Because the effect of homozygosity for any combination of HLA-B*35 alleles was so severe, it may be

possible that HLA-B*35 alleles as a group, including
HLA-B*3501, have a recessive effect on susceptibility to progression to AIDS. However, five of the six
patients who had any combination of two HLAB*35 subtypes were also homozygous at the HLAC locus (HLA-Cw*0401,Cw*0401), and the single
homozygote for HLA-B*3501 in this group was homozygous at all three class I loci. Perhaps the most
parsimonious explanation for the extremely rapid
progression to AIDS in the HLA-B*35 “homozygotes” is that all harbor at least two negative genotypes — namely, at least one copy of the HLAB*35-Px group of alleles plus homozygosity at the
HLA-C locus.
Given the strength of the genetic effect described
for HLA-B*35-Px, an aggressive therapeutic regimen may be advisable for patients who are positive
for these alleles (particularly for those newly infected
with the virus). A test specifically designed to detect
the presence or absence of HLA-B*35-Px alleles
could easily be developed and would be sufficient in
terms of HLA typing, since only this set of alleles
among all other HLA types has a strong influence
on progression to AIDS. Functional studies designed
to characterize cytotoxic-T-lymphocyte activity in
HIV-1–positive patients carrying HLA-B*35-Px may
provide a deeper understanding of the mechanisms
involved in susceptibility to HIV-1 disease and may
enhance the efficacy of vaccines against HIV, drug
treatment, or both in these patients.
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HIV-specific cytotoxic T lymphocyte (CTL) responses
mediated by human leukocyte antigen (HLA) recognition
and antiretroviral drugs exert selection pressure on HIV1 in vivo. The selection of CTL escape mutations strongly
underpins the failure of CTL control in most untreated
infections whilst drug-resistance mutations predict
failure of drug control. These two evolutionary forces
share common target residues in HIV-1 at which their
selection effects could be synergistic or antagonistic,
such that the propensity to develop drug resistance and
virological treatment failure may be influenced by HLA

type. We examined HIV-1 reverse transcriptase (RT) and
protease sequences in a large clinical observational
cohort of 487 HIV-infected individuals and found
evidence of site-specific interactions between specific
antiretroviral drug exposures, HLA alleles and HIV
sequence diversity at population level. Such interactions
may have general and specific implications for explaining
in vivo/in vitro discordance of drug resistance, hostspecific susceptibility to drug resistance, individualization of therapy and therapeutic vaccine design.

Background
We have previously presented evidence that viral
escape or adaptation to polymorphic human leukocyte
antigen (HLA) class I alleles accounts in large part for
the sequence diversity of HIV-1 [1]. Antiretroviral
drugs represent a relatively new evolutionary force, but
their characteristic primary selection effects are well
characterized [2]. In this study, we examined the sites
at which these two selective forces intersect in vivo to
shape HIV diversity at a population level.

Methods
Statistical methods
All analyses used the Epipop program as previously
described [1]. The population consensus sequence for
HIV-1 RT (20–227) and protease (1–99), with standard HXB2 numbering and alignment, was used as the
reference sequence in multivariate models. Power
calculations were conducted to limit analyses to only
those positions, drugs and HLA alleles for which
there was at least 30% power to detect associations
with OR >2 (positive associations) or <0.5 (negative
associations) with P<0.05. Individual covariates were
then assessed for univariate association with mutation/
substitution, and discarded if P>0.1 and then subjected
to forward selection and backwards elimination
procedures. Exact P values were determined for each
association.
© 2005 International Medical Press 1359-6535

HLA genotyping
All HLA-A and -B broad alleles were typed by a microcytotoxicity assay using standard NIH techniques.

HIV-1 RT and protease sequencing
HIV-1 RNA was extracted from plasma samples with
a QIAMP viral load RNA mini spin kit (Qiagen Inc,
Valencia, CA, USA) and cDNA for both HIV-1 protease
gene and codons 20–227 of RT was amplified using RTPCR (PCR kit; Life Technologies, Gaithersburg, MD,
USA). Individual second-round PCR reactions were
performed to amplify RT and protease. PCR products
were purified using Bresatec purification columns
(Bresatec, Adelaide, Australia) and sequenced in both
forward and reverse directions with a 373 ABI DNA
Sequencer (Applied Biosystems, Foster City, CA, USA).
Raw sequence was manually edited using software
packages Factura and MT Navigator (PE Applied
Biosystems, Foster City, CA, USA).

Results
In vivo selection of known antiretroviral drugresistance mutations in HIV-1 reverse transcriptase
(RT) and protease is evident at population level
We studied a total of 487 individuals in the predominantly clade B infected Western Australian HIV Cohort
[3]. Individuals generally had HIV-1 RT (positions
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Pharmacogenomic Biomarkers for Prediction
of Severe Adverse Drug Reactions
Magnus Ingelman-Sundberg, Ph.D., B.Sc.Med.
The accumulating knowledge of human genomic
variation is being used for the development of
personalized medicine, with the aims of decreasing the number of adverse drug reactions
and increasing the efficacy of drug treatment.
Considerable pharmacogenomic research has focused on understanding the molecular mechanisms behind adverse drug reactions and finding biomarkers that identify people at risk.
Serious adverse drug reactions have been
shown to cause or contribute to 6 to 7% of all
hospitalizations, a 2-day increase in the average
length of hospitalization, and 100,000 deaths
annually in the United States — and may, according to some estimates, cost about as much
as the drug treatment itself.1 During the period
1998–2005, the numbers of reported adverse drug
reactions and deaths related to such reactions
have increased, both by a factor of about 2.6.2
Adverse drug reactions are also a major problem
during the development of a drug. In total, approximately 4% of all new medical agents are
withdrawn from the market owing to adverse
drug reactions.1 During the period 1995–2005,
at least 34 drugs were withdrawn, mainly as a
result of hepatotoxic or cardiotoxic effects — notably, cerivastatin, nefazodone, rofecoxib (Vioxx),
terfenadine, and troglitazone.3
The search for pharmacogenomic biomarkers
that could be used to identify patients at increased
risk for drug-related toxic effects has often focused
on variation within genes encoding drug-metabolizing enzymes. Altered enzymatic activity can
lead to elevated levels of the substrate drug, or
alternatively, increased amounts of a reactive metabolite, either of which could have toxic effects.
n engl j med 358;6

For immune-mediated toxic effects, much focus has been placed on the major-histocompatibility-complex class I genes. A review of pharmacogenomic biomarkers reveals only a limited
number of potentially useful examples (Table 1),
with the highest specificity seen among the HLA
allelic variants. Thus, many more biomarkers
remain to be identified. Unfortunately, much
of the existing research in this area has been
hampered by limitations in study design, such as
poorly defined case and control groups, the use
of retrospective and nonblind study protocols,
and nonoptimal selection of gene variants. In
addition, polygenic influences on many adverse
drug reactions, instances of treatment with multiple drugs, and variation in the severity of cliniTable 1. Pharmacogenomic Biomarkers as Predictors of Adverse Drug
Reactions.

Gene or Allele

Relevant Drug

Specificity
of Biomarker

Percent of Patients
with an Adverse
Reaction to Drug*

TPMT (mutant)

6-Mercaptopurines Very good

UGT1A1*28

Irinotecan

Good

30–40

1–10

CYP2C9 and
VKORC1

Warfarin†

Good

5–40

CYP2D6 (mutant)

Tricyclic anti
depressants

Relatively good

5–7

HLA-B*5701

Abacavir

Very good

5–8

HLA-B*1502

Carbamazepine

Very good

HLA-DRB1*07
and DQA1*02

Ximelagatran

Good

10
5–7

* Percentages are of affected whites except that for HLA-B*1502, which is the
percentage of affected Asians.
† Carriage of the CYP2C9 and VKORC1 alleles affects warfarin dosing.

www.nejm.org

february 7, 2008

Downloaded from www.nejm.org by JESUS Z. VILLARREAL PEREZ MD on November 5, 2009 .
Copyright © 2008 Massachusetts Medical Society. All rights reserved.

637

10 Tang2008 (truncated)

11

The Journal of Immunology

Journal of Immunology, 2008, Vol. 181, pp. 2626–2635

Human Leukocyte Antigen Class I Genotypes in Relation to
Heterosexual HIV Type 1 Transmission within Discordant
Couples1
Jianming Tang,2* Wenshuo Shao,† Yun Joo Yoo,3‡ Ilene Brill,† Joseph Mulenga,§
Susan Allen,§¶ Eric Hunter,§储 and Richard A. Kaslow2*†

A

s molecules responsible primarily for Ag presentation
and immune surveillance, HLA products are best known
for their extensive allelic diversity (1– 4), which is considered essential to the constant combat with a wide range of human pathogens (5). Epidemiologic and experimental analyses of
patients with chronic or terminal HIV-1 infection have revealed
multiple HLA class I alleles that can differentially regulate virologic, immunologic, and clinical outcomes, often through their
preferential targeting of conserved or variable HIV epitopes for
CTL responses (6 – 8). Such CTL responses also lead to predictable HIV-1 mutations and immune escape, as documented in patients from Australia (9, 10), Sub-Saharan Africa (10, 11), and
North America (8, 12).
The profound impact of diverse HLA alleles (designated by four
digits) and allele groups (designated by two digits or serologic specificities) on HIV-1 evolution and pathogenesis is best illustrated by
B57, which is by far the most favorable HLA factor in the context of
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HIV-1 infection (reviewed in Refs. 13, 14). Regardless of HIV-1
clade (e.g., subtypes A, B, and C), B57 (mostly B5701 and B5703)
predominantly and persistently directs CTL recognition of highly conserved HIV-1 Gag epitopes (e.g., IW9 and KF11) (8, 15). As the
infection progresses, viruses with mutations within and around these
epitopes accumulate. Despite diminished immune protection, viremia
often remains low, as viral replication fitness is apparently compromised. Upon transmission to individuals without B57 and closely related alleles like B5801, viruses with the mutated Gag epitopes usually regain the wild-type sequence (11, 16). In contrast, unfavorable
alleles like B35 and B53 preferentially respond to Nef epitopes (8);
subsequent Nef mutations are typically associated with disease progression (12). Thus, heterogeneity in immune control and rate of disease progression following HIV-1 infection is to some degree related
to pathways mediated by HLA products.
Favorable HLA factors with a clear impact on HIV-1 viral load
directly benefit the infected individual by delaying disease progression (13, 14), in a manner and degree similar to that observed with
HIV-specific monotherapy (reviewed in Ref. 17). These HLA factors
may further benefit seronegative individuals who are at high risk of
acquiring infection because viral load in plasma or genital secretions
of a seropositive partner is highly predictive of HIV-1 transmission
potential (18, 19). Our study of HIV-1 discordant couples (infected
index partners paired with cohabiting seronegative partners) from
Lusaka, Zambia has yielded clear evidence that viral transmission
from index to seronegative partners can vary according to specific
HLA class I alleles or haplotypes, often as a result of their influences
on plasma viral load of the index partners.

Materials and Methods
Study population and HIV-1 transmission as the primary
outcome
From 1995 to 2006, HIV-1 discordant Zambian couples were identified and
enrolled continuously by investigators who are now part of the Rwanda/
Zambia HIV-1 Research Group in Lusaka, Zambia. Procedures for initial
screening, voluntary counseling and testing, as well as prospective (quarterly) medical examination have been described elsewhere (19, 20). As the
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Differences in immune control of HIV-1 infection are often attributable to the highly variable HLA class I molecules that present
viral epitopes to CTL. In our immunogenetic analyses of 429 HIV-1 discordant Zambian couples (infected index partners paired
with cohabiting seronegative partners), several HLA class I variants in index partners were associated with contrasting rates and
incidence of HIV-1 transmission within a 12-year study period. In particular, A*3601 on the A*36-Cw*04-B*53 haplotype was the
most unfavorable marker of HIV-1 transmission by index partners, while Cw*1801 (primarily on the A*30-Cw*18-B*57 haplotype) was the most favorable, irrespective of the direction of transmission (male to female or female to male) and other commonly
recognized cofactors of infection, including age and GUI. The same HLA markers were further associated with contrasting viral
load levels in index partners, but they had no clear impact on HIV-1 acquisition by the seronegative partners. Thus, HLA class
I gene products not only mediate HIV-1 pathogenesis and evolution but also influence heterosexual HIV-1 transmission. The
Journal of Immunology, 2008, 181: 2626 –2635.
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The extreme polymorphism in the human leukocyte antigen
(HLA) class I region of the human genome is suggested to
provide an advantage in pathogen defence mediated by CD81 T
cells1–3. HLA class I molecules present pathogen-derived peptides on the surface of infected cells for recognition by CD81 T
cells. However, the relative contributions of HLA-A and -B
alleles have not been evaluated. We performed a comprehensive
analysis of the class I restricted CD81 T-cell responses against
human immunodeficiency virus (HIV-1), immune control of
which is dependent upon virus-specific CD81 T-cell activity4,5.
In 375 HIV-1-infected study subjects from southern Africa, a
significantly greater number of CD81 T-cell responses are HLAB-restricted, compared to HLA-A (2.5-fold; P 5 0.0033). Here
we show that variation in viral set-point, in absolute CD4 count
and, by inference, in rate of disease progression in the cohort, is
strongly associated with particular HLA-B but not HLA-A allele
expression (P < 0.0001 and P 5 0.91, respectively). Moreover,
substantially greater selection pressure is imposed on HIV-1 by
HLA-B alleles than by HLA-A (4.4-fold, P 5 0.0003). These data
NATURE | VOL 432 | 9 DECEMBER 2004 | www.nature.com/nature

indicate that the principal focus of HIV-specific activity is at
the HLA-B locus. Furthermore, HLA-B gene frequencies in the
population are those likely to be most influenced by HIV
disease, consistent with the observation that B alleles evolve
more rapidly than A alleles6–8. The dominant involvement of
HLA-B in influencing HIV disease outcome is of specific
relevance to the direction of HIV research and to vaccine
design.
Despite apparently similar roles in pathogen defence, there are
well-established differences between the class I loci. HLA-C alleles
are expressed at lower levels on the cell surface than HLA-A and
HLA-B (ref. 9) and thus it is not unexpected that HLA-C shows
the least diversity of the three classical HLA class I loci. However,
an unexplained observation is that greater diversity exists at the
HLA-B locus than at the HLA-A locus. Overall, there are 563
HLA-B alleles described, compared with 309 HLA-A alleles and
167 HLA-C alleles (http://www.ebi.ac.uk/imgt/hla/docs/release.html). It appears that the HLA-B locus is diversifying more
rapidly than the HLA-A locus; the significance of which remains
unknown.
In order to test the hypothesis that the observed differential
diversity at the class I loci reflects functional differences between
the HLA-A, -B and -C-restricted CD8þ cytotoxic T lymphocyte
(CTL) responses, we investigated the contribution of different
HLA class I molecules within the CD8þ T-cell activity directed
against HIV—a pathogen whose control is strongly influenced by
CD8þ T cells.
We used an empirical approach to determine the contributions of
individual HLA class I molecules in anti-HIV host defence in 375
infected, treatment-naive persons in southern Africa, a region
burdened with more HIV infections than any other (http://www.
unaids.org). This avoids the heavy biases inherent in the use of
previously defined optimal epitopes that largely favour particular,
well-studied, HLA class I molecules. We employed a panel of 410
overlapping synthetic peptides, spanning the entire expressed HIV
genome, and characterized the T-cell responses to these peptides in
interferon-g enzyme-linked immunospot (elispot) assays. Previous
studies have validated this approach, and have shown that the
responses detected by this method are, with few exceptions, the
result of CD8þ T-cell activity10.
This analysis revealed marked differences in the frequency of
targeting of individual peptides; 132 peptides being targeted by no
subjects, and five peptides targeted by .25% of persons. For many
targeted peptides, we noted a strong association with specific class I
allele expression: 180 peptides exhibited a strong allele-specific
association (P , 0.05), of which 111 remained significant
(P , 0.001) following correction for multiple comparisons (see
Supplementary Tables 1 and 2). These included 58 previously
defined epitopes (http://www.hiv.lanl.gov/content/immunology/
tables/ctl_summary.html). To demonstrate further that the HLA–
peptide associations reflect true HLA class I restricted CD8þ T-cell
responses, we experimentally defined the restriction elements for 12
additional, randomly selected epitopes (Fig. 1, Supplementary Fig. 1
and Supplementary Tables 1 and 2). In each case the restricting allele
was precisely that predicted by the statistical association. This
analysis therefore affords a stringent approach to define the HLA
class I restriction for the large majority of CD8þ T-cell responses
detected in this population.
We next used this approach to determine the relative contributions of the different class I alleles to immune recognition of
HIV-1. The association of HLA-B alleles with peptide-specific
responses far exceeded that of HLA-A alleles (67 versus 25/111,
P ¼ 0.0033, two-tailed unpaired t-test; mean peptide associations
per allele, 3.94 versus 1.56) and of HLA-C alleles (19/111, P ¼ 0.004;
Fig. 2a and b). Of the 30 most highly targeted peptides, 67%
were HLA-B-restricted responses (Fig. 2c). Thus, HLA-B alleles
contribute significantly more towards the total HIV-specific
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(HLA) class I region of the human genome is suggested to
provide an advantage in pathogen defence mediated by CD81 T
cells1–3. HLA class I molecules present pathogen-derived peptides on the surface of infected cells for recognition by CD81 T
cells. However, the relative contributions of HLA-A and -B
alleles have not been evaluated. We performed a comprehensive
analysis of the class I restricted CD81 T-cell responses against
human immunodeficiency virus (HIV-1), immune control of
which is dependent upon virus-specific CD81 T-cell activity4,5.
In 375 HIV-1-infected study subjects from southern Africa, a
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(CTL) responses, we investigated the contribution of different
HLA class I molecules within the CD8þ T-cell activity directed
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responses detected by this method are, with few exceptions, the
result of CD8þ T-cell activity10.
This analysis revealed marked differences in the frequency of
targeting of individual peptides; 132 peptides being targeted by no
subjects, and five peptides targeted by .25% of persons. For many
targeted peptides, we noted a strong association with specific class I
allele expression: 180 peptides exhibited a strong allele-specific
association (P , 0.05), of which 111 remained significant
(P , 0.001) following correction for multiple comparisons (see
Supplementary Tables 1 and 2). These included 58 previously
defined epitopes (http://www.hiv.lanl.gov/content/immunology/
tables/ctl_summary.html). To demonstrate further that the HLA–
peptide associations reflect true HLA class I restricted CD8þ T-cell
responses, we experimentally defined the restriction elements for 12
additional, randomly selected epitopes (Fig. 1, Supplementary Fig. 1
and Supplementary Tables 1 and 2). In each case the restricting allele
was precisely that predicted by the statistical association. This
analysis therefore affords a stringent approach to define the HLA
class I restriction for the large majority of CD8þ T-cell responses
detected in this population.
We next used this approach to determine the relative contributions of the different class I alleles to immune recognition of
HIV-1. The association of HLA-B alleles with peptide-specific
responses far exceeded that of HLA-A alleles (67 versus 25/111,
P ¼ 0.0033, two-tailed unpaired t-test; mean peptide associations
per allele, 3.94 versus 1.56) and of HLA-C alleles (19/111, P ¼ 0.004;
Fig. 2a and b). Of the 30 most highly targeted peptides, 67%
were HLA-B-restricted responses (Fig. 2c). Thus, HLA-B alleles
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Transmission of HIV-1 and HLA-B allele-sharing within serodiscordant
heterosexual Zambian couples
M Tevfik Dorak, Jianming Tang, Ana Penman-Aguilar, Andrew O Westfall, Isaac Zulu, Elena S Lobashevsky, Nzali G Kancheya,
Margaret M Schaen, Susan A Allen, Richard A Kaslow
Factors that might increase risk of HIV-1 transmission include
age, sex, and amount of HIV-1 RNA in plasma, but findings for
HLA allele-sharing are not in agreement. We tested the
hypothesis that allele sharing at HLA loci is associated with
increased risk of transmission of HIV-1 infection in cohabiting
heterosexual Zambian couples. We studied 125 initially
serodiscordant partners with sequence-confirmed interpartner
HIV-1 transmission and 104 couples who were persistently
serodiscordant, and we analysed relations with molecularly
typed HLA-A, B, and C alleles by survival techniques. After
adjustment for other genetic and non-genetic risk factors seen
with heterosexual transmission of HIV-1 in this cohort, sharing
of HLA-B alleles was independently associated with accelerated
intracouple transmission (relative hazard 2·23, 95% CI
1·52–3·26, p<0·0001). Selective pressure by HLA-B alleles on
transmitted viruses accords with current understanding of the
effect of B locus polymorphism in HIV-1 and perhaps other
infections.

Lancet 2004; 363: 2137–39
See Commentary page 2103

HIV-1 is spreading in southern Africa, mainly by
heterosexual transmission. In Zambia, about 20% of
cohabiting couples are HIV-1-serodiscordant—ie, one
partner is seropositive and the other is seronegative.1 Despite
aggressive behavioural interventions, cohabiting serodiscordant Zambian couples prospectively counselled and
assessed for more than 5 years seroconvert (mainly with HIV1 subtype C) at a frequency of about eight per 100 personyears.1,2
Factors reported to modify infectiousness or susceptibility
of individuals include amount of HIV-1 RNA in plasma, age,
sex, history of sexually transmitted disease, alcohol use, and
possibly HIV-1 subtype.3 Findings of studies of host
immunogenetic factors in mother-to-child and horizontal
transmission have suggested that both sharing of HLA alleles
and possession of specific alleles affect HIV-1 transmission.4–7
However, findings in prospective investigations of HLA
relations have been disparate most probably because of ethnic
admixture, modest sample size, serological typing, absence of
virologically documented transmission between study
partners, or statistical considerations. We aimed to test the
hypothesis that allelic sharing at HLA class I loci is associated
with increased risk of HIV-1 transmission.
From 1994 to 2000, we followed more than
1300 cohabiting HIV-1 serodiscordant couples four times a
year in a voluntary counselling and testing programme (the
Zambia UAB HIV Research Project).1,2,8 Eligibility criteria for

the present study included discordant serostatus, 6 months or
more of cohabitation in Lusaka, and age 48 years or younger
for women and 65 years or younger for men. We provided
free condoms and outpatient medical care and gave newly
seroconverted partners further appropriate counselling. Study
procedures and forms received institutional ethics approval
from the University of Alabama at Birmingham, the
University Teaching Hospital, Lusaka, and the National
Institutes of Health, Bethesda, for consent, initially for HIV
testing and counselling and subsequently for analysis of blood
samples.
For all couples, we measured amount of HIV-1 RNA in
the positive partner at enrolment.1 In both partners we typed
HLA class I and class II loci by standard PCR-based methods
(including sequencing when necessary for four-digit allele
assignment).
We
compared
couples
transmitting
phylogenetically linked viruses (95% subtype C)2 with nontransmitting couples who met the following criteria: at fairly
high risk of HIV-1 transmission (because of infrequent
condom use and advanced age), ample follow-up (>85% with
2 years of observation), and available DNA. We compared
these two groups of couples for sharing of HLA class I alleles,
Non-transmitting Transmitting
couples
couples

p*

Characteristic
Number of couples
104 (96)
125 (120)
··
Age of partners (years)
Index
30·1 (30·1)
30·6 (30·7)
0·6
Non-index
31·7 (31·6)
28·1 (28·2)
0·002
Male/female (index partner) 42/62
80/45
0·0004
Number of years cohabiting
6·3 (6.4)
6·0 (6·0)
0·5
Number of sex acts per
23·4 (24·3)
28·6 (29·5)
0·05
3 months (as reported by
female partner)
Follow-up time (median
1549 (886–2021) 550 (186–1067)<0·0001
[IQR], days)
Genital inflammation (%)
Index
11·5 (12·5)
16·0 (16·7)
0·3
Non-index
2·9 (3·1)
11·2 (10·0)
0·02
Genital ulceration (%)
Index
4·8 (5·2)
16·0 (15·8)
0·007
Non-index
1·0 (1·0)
16·8 (15·8) <0·0001
Number of pregnancies
3·4 (3·5)
3·3 (3·3)
0·6
Number of births
2·9 (3·0)
2·8 (2·8)
0·5
HIV-1 RNA level in index
4·5 (4·5)
5·0 (5·0)
<0·0001
partner (log10)
Data are means unless otherwise indicated. Data in parentheses are
corresponding values for the subset of couples with data sufficient for inclusion
in multivariable models. *Univariate comparison.
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transmission have suggested that both sharing of HLA alleles
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relations have been disparate most probably because of ethnic
admixture, modest sample size, serological typing, absence of
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Elite Control of HIV Infection: Implications for Vaccines
and Treatments
Bruce D. Walker

Spontaneous and sustained (“elite,” or aviremic) control of HIV infection (ie,
maintaining HIV RNA to <50 copies/mL in the absence of therapy) appears to
occur in approximately 1 in 300 HIV-infected persons, and represents a distinct
phenotype among HIV-infected individuals. Through a recently established
international collaboration called the HIV Controller Consortium, over 300
elite controllers have been identified and blood samples collected. These
ongoing studies will not only examine the immune responses to HIV that elite
controllers generate, but will also make use of a newly available approach to
defining the genetic basis of disease. Specifically, the consortium is attempting
to determine the genetic basis underlying spontaneous control by performing
whole genome analysis scans together with functional immunology studies in
a large population of elite controllers. The goal of these studies is to provide
insights that will help define the crucial parameters present in persons who
are able to control HIV infection, similar to the control most people have with
Epstein-Barr virus and varicella, namely by holding the virus in check. These
findings could assist in the development of vaccines and new therapies. This
article summarizes a presentation on spontaneous control of HIV infection
and its implications for vaccine development made by Bruce D. Walker, MD,
at an International AIDS Society–USA Continuing Medical Education course in
New York in March 2007. The original presentation is available as a Webcast
at www.iasusa.org.
Progress toward a preventive HIV vaccine has been slow, and after 20 years
of focused vaccine research an effective vaccine remains elusive. The greatest hindrance may be the inability to
identify immunogens that can generate
broadly cross-neutralizing antibodies capable of recognizing the extremely wide
variation in target HIV envelope (Env)
proteins; indeed, it is doubtful whether a
single vaccine could produce a response
that protects against the wide variation
in Env proteins among potentially infecting HIV strains present within a single individual, much less within a large
population. Given that a preventive vaccine is unlikely, important current goals
in vaccine development include an alternate approach: identifying vaccines
that do not prevent infection but reduce
risk of transmission and prevent disease
progression should a vaccinated person
become infected.
Dr Walker is Professor of Medicine at Harvard Medical School and Director of the Harvard University Center for AIDS Research in
Boston, Massachusetts.

A variety of data indicate that risk
of transmission of HIV is markedly reduced at plasma HIV RNA levels below
2000 copies/mL, a level of viremia at
which progression of disease is also
slowed. Such a level of viremia could
serve as a target for vaccines to reduce risk of transmission and disease
progression. Importantly, spontaneous
control of HIV infection has been maintained at or below the relative threshold
of an HIV RNA level of 2000 copies/mL
in some individuals for up to 28 years
or longer. Further understanding of
these mechanisms could assist in the
development of vaccines that augment
control of infection, and may also serve
to identify new targets for pharmacologic intervention. To this end, there
has been a growing focus on understanding host, viral, and immunologic
parameters that are associated with effective containment of HIV infection,
and a collaborative effort, the International HIV Controller Consortium, involving patients, health care providers,
and scientists has been established to
focus an international effort to recruit
134

these patients and uncover the mechanisms that account for control.
Working Definitions of Elite and
Viremic Controllers
The HIV Controller Consortium focuses
on the tail end of the spectrum of viral
load in untreated HIV infection, with a
particular emphasis on those with undetectable viral loads, an HIV RNA level
of below 50 copies/mL by the currently
available assays. Individuals who have
maintained HIV RNA levels below 50
copies/mL for at least 1 year in the absence of antiretroviral therapy are identified as elite, or aviremic, controllers,
and those maintaining levels of 50 copies/mL to 2000 copies/mL are identified as viremic controllers (see Table 1).
Using these criteria, the median duration of infection for persons identified
thus far is more than 12 years.
Host and Viral Factors in HIV
Controllers
With regard to potential host genetic factors in viral control, the HLA class I allele HLA-B*57 and to a lesser extent the
HLA-B*27 allele are over-represented
among elite controllers and viremic controllers compared with individuals with
progressive infection. Among the first 60
elite controllers recruited in Boston, less
than half express HLA-B*57, and this is
holding true as the effort is expanded
with the HIV Controller Consortium.
HLA-B*27 is present in approximately
one-fifth of patients. Although these findings clearly suggest a host genetic factor
in viral control, the HLA-B*57 allele, for
example, is still absent in half or more of
individuals with elite control. It is not yet
understood how presence of these HLA
types is mechanistically related to augmented viral control, but data suggest a
link between HLA-B*57 and expression
of certain receptors of the innate immune system, suggesting the possibility

Elite Control of HIV Infection

Table 1. HIV Controller Consortium
Definitions of Elite and Viremic HIV
Controllers.
Elite Controllers
• Maintain HIV RNA levels below
50 copies/mL
• No antiretroviral therapy for 1 year
or longer
• Episodes of viremia are acceptable
as long as there are not consecutive
episodes
Viremic Controllers
• Maintain HIV RNA levels below
2000 copies/mL
• No antiretroviral therapy for 1 year
or longer
• Episodes of viremia are acceptable
as long as they represent the minority of all available determinations
Additional information is available at
www.elitecontrollers.org.

that innate immune mechanisms mediated via natural killer cells might contribute to long-term containment.
With regard to potential virus factors,
a report several years ago documented
slowed progression of disease in association with nef-deleted HIV mutants in
an Australian cohort infected via transfusion from a single donor. Although
earlier studies of nef in elite controllers
have yielded conflicting results, data
thus far using full genome sequencing
in elite controllers has not suggested an
association of augmented control with
attenuated virus due to nef deletions or
other specific viral polymorphisms. In
addition, investigators at the Johns Hopkins University have succeeded in showing that replication-competent HIV can
be isolated from aviremic controllers.
These are promising findings since they
suggest that the state of augmented control is not due merely to “wimpy” virus,
but that there should be identifiable and
potentially replicable mechanisms in
humans that permit spontaneous control of replication-competent HIV.
Host Immune Factors
Cytotoxic CD8+ T lymphocytes (CTLs)
act to kill HIV-infected host cells during

the period when the virus has become
uncoated and its components are in
the host cell cytoplasm, with these
cells being recognized via presentation
of viral antigen in the context of HLA
class I molecules. HIV-specific CTLs are
effective in eliminating infectious virus
in tissue culture. The activity of these T
cells and the enrichment for particular
HLA class I molecules in elite controllers caused speculation that controllers
might exhibit increased magnitude or
breadth of CTL response to HIV. However, Dr Walker and colleagues found
that magnitude of HIV-specific CTL
response (as measured by interferon
gamma enzyme-linked immunospot
[ELISPOT] assay) was actually lower
in elite controllers than in chronically
infected progressors, with viremic controllers having an intermediate magnitude of response. Breadth of response
(number of peptides to which there
was response) was also statistically
significantly smaller in elite controllers. Preliminary data suggest preferential targeting of Gag in elite and
viremic controllers, consistent with
the preferential targeting of Gag recently reported in persons with chronic
untreated infection who experience
augmented control of virmeia. In this
same cohort, preferential targeting of
Env by HIV-specific CD8 T cells was associated with higher viral load.
These findings make sense from
an immunologic perspective. The viral envelope may function as a decoy
to evade immune response, accommodating extensive genetic heterogeneity
that does not cause a replicative fitness
disadvantage to the virus. Thus, immune responses directed against Env
proteins may have relatively lesser effect in reducing viral populations. Gag
is less flexible in this regard, since Gag
mutations can come at the cost of reduced replicative fitness for the virus.
In addition, as noted, CTLs recognize
processed viral proteins generated in
the target cell cytoplasm. When HIV
infects a cell, the Env proteins are left
on the cell surface and the preformed
core proteins, including Gag, are injected into the cell. These proteins are
then processed and sent back to the
cell surface where they are presented
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for immune recognition, likely before
production of new virions has occurred within the cell. Studies from Dr
David Watkin’s lab have shown that
infected cells become targets for Gagspecific CTL response within hours of
infection. In contrast, Env proteins
will be similarly processed and presented only after production of new
virions within the cell. Env-specific
CTL responses do not occur for 24
hours after infection. Many efforts at
developing vaccines intended to protect against disease progression have
focused on generating Env-specific
responses. However, driving the immune response toward Env-specific
responses may turn out to favor the
virus; driving the immune response
toward Gag-specific responses may be
a better strategy in terms of achieving
long-term control.
Additional studies are needed to
characterize the antiviral effect of
Gag-specific CTL response. For the
study of neutralizing antibodies, the
gold standard is the ability to limit
virus replication in vitro. Dr Walker
and colleagues compared Gag-specific
CTL lines with Env-specific CTL lines
from elite controllers on the effects of
HIV replication in tissue culture, and
found that inhibition is consistently
better with Gag-specific responses
than inhibition with Env-specific responses. It remains to be determined
why some individuals have such effective Gag-specific responses and many
do not. One potential factor may involve function of CD4+ T helper cells.
Comparison of aviremic controllers,
viremic controllers, and progressors
has shown that aviremic controllers
have statistically significantly higher
percentages of CD4+ T helper cells
and CTLs that produce both interleukin-2 and interferon gamma (IFN-γ)
than do either viremic controllers or
progressors.
With regard to humoral immune response, studies of autologous and heterologous neutralization of virus derived
from aviremic controllers, viremic controllers, and progressors using plasma
from subjects in each group showed
that levels of neutralizing antibodies
were lowest for aviremic controllers.
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Abstract
Transmission of HIV first results in an acute infection, followed by an apparently asymptomatic
period that averages ten years. In the absence of antiretroviral treatment, most patients progress
into a generalized immune dysfunction that culminates in death. The length of the asymptomatic
period varies, and in rare cases infected individuals never progress to AIDS. Other individuals
whose behavioral traits put them at high-risk of HIV transmission, surprisingly appear resistant and
never succumb to infection. These unique cases highlight the fact that susceptibility to HIV infection
and progression to disease are complex traits modulated by environmental and genetic factors.
Recent evidence has indicated that natural variations in host genes can influence the outcome of
HIV infection and its transmission. In this review we summarize the available literature on the roles
of cellular factors and their genetic variation in modulating HIV infection and disease progression.

Background
The period of asymptomatic disease after HIV-1 infection
averages about ten years, although it may vary greatly
among infected subjects [1]. The existence of attenuated
viral strains that fail to induce disease in animal models
has long been known. Similarly, it is now widely accepted
that human allelic variants for certain genes can influence
the susceptibility to HIV-1 infection [2,3]. Supporting a
role for genetic factors in the host, several studies have
shown that susceptibility to HIV-1 in vitro largely varies
among individual donors. Conversely, primary cells from
homozygotic twins display much less variation in their
permissivity to infection [4-8].

advantage of receptor and co-receptor host proteins,
which otherwise play important roles in immunity and
inflammation. Then, the viral genetic material is delivered
into the cytoplasm in the form of a nucleoprotein core.
The viral RNA genome is copied into DNA, transported to
the cell nucleus, and integrated in the host chromosome.
The proviral HIV-1 DNA is transcribed into viral mRNAs,
which are then processed and exported to the cytoplasm.
Upon translation, viral products are transported to budding sites where virions are assembled together with viral
RNA. For each of these steps, HIV-1 relies on cellular proteins. Only a fraction of these host proteins have been
identified, but their role in the HIV-1 life cycle is currently
a subject of intense investigation.

Like all viruses, HIV-1 must usurp the cellular machinery
at multiple steps to complete a productive cycle. The virus
enters cells by fusing with the cellular membrane, taking
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Approaches to study HIV disease progression
Several approaches have been used to study HIV pathogenesis in vivo. The availability of non-human primate
models has largely advanced our understanding of the
field. Studies with animal models have highlighted the
importance of the so-called viral "accessory genes" in HIV
disease progression. These genes were initially deemed
non-essential in in vitro studies because the virus would
be able to replicate despite their removal from the viral
genome [9]. Despite the usefulness of animal models to
define viral determinants of pathogenesis, the genetic differences between human and non-human primates, have
made the latter less amenable for the study the role of host
factors.

Long-term nonprogressors (LTNP) have provided a
unique opportunity to study the mechanisms of HIV disease. LTNPs are HIV-infected individuals who have lived
free of symptoms for extended periods of time, in the
absence of antiretroviral treatment. A standard criterion
for LTNP status is to have had a documented infection for
ten years or more, stable CD4-positive T cell counts above
500 cells/ml, and plasma viral load below 10,000 RNA
copies/ml. Depending on the definition of "nonprogression" used, this population has been estimated to represent 2–4% of all infected patients [10]. The recruitment of
LTNP cohorts is a formidable task, because until recently,
most patients with well documented clinical histories had
been treated before the onset of symptoms.
An additional approach to examine disease progression is
to investigate highly exposed uninfected (EU) individuals.
EUs are subjects who resist HIV infection and seroconversion, despite being at high-risk for transmission. EU
cohorts have been gathered from groups of intravenous
drug users (IDU), sex workers, children born to seropositive mothers, individuals performing unprotected sex
with multiple partners, and health care workers undergoing accidental exposure to the virus [11].
Important insight into HIV pathogenesis can also be
gained by studying the natural course of infection in seropositive patients. Clinical variables (decline in CD4
counts, increase in viral load) have been used to monitor
the rate of progression to disease in untreated patients, or
to establish prognosis in terms of virologic and immunologic success in patients following antiretroviral regimes.
These variables can be statistically associated with host
genotypic variants or specific phenotypic traits.
Finally, the study of healthy HIV-seronegative patients
who may bear genetic markers of interest, can also shed
light into the mechanisms of HIV pathogenesis. The role
of cellular factors influencing HIV replication and immunity can be addressed by exposing primary cells from
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healthy seronegative individuals to virus in vitro. Likewise, statistical associations between haplotypes or singlenucleotide polymorphisms (SNP) can be drawn by monitoring the extent of viral replication in vitro. When available, genetic associations with the rate of replication in
these ex-vivo models can also be validated with in vivo
data monitoring disease progression [12].
Factors influencing susceptibility to infection and the
course of disease can be grouped into three categories: 1)
viral factors determining the replicative properties of the
virus or its ability to escape immune responses; 2) cellular
factors modulating the innate or acquired immune
responses to infection; and 3) cellular factors co-operating
with viral products that govern the ability of the virus to
replicate in human cells. Thus, the rate at which an
untreated HIV-infected patient progresses to AIDS may be
explained by a combination of these factors, which ultimately dictate how fast HIV replicates and/or how efficiently it overcomes the immune defenses posed by the
host. Below, we will discuss cellular factors influencing
various steps of the HIV life cycle, and those modulating
the innate immune response. The role of the HLA system
in AIDS progression is beyond the scope of this review,
and has been amply discussed in other reviews [13-15].

Host factors modulating viral entry
The HIV-1 co-receptors: CCR5 and CXCR4
Entry into target cells occurs by a multi-step process that
culminates with the fusion of viral and cellular membranes. HIV-1 utilizes CD4 as its primary receptor. Binding to CD4 is followed by conformational changes in the
viral envelope that lead to the engagement of one of the
viral co-receptors (CCR5 or CXCR4) [16]. Based on their
functionality in vitro, other chemokine receptors may also
work as HIV-1 co-receptors. Among them are CCR2,
CCR3, CCR8, CCR9, CXCR6, CX3CR1, ChemR23, APJ,
and RDC1. However, CCR5 and CXCR4 constitute the
major co-receptors in vivo (for a recent review see [17]).

CXCR4 was the first co-receptor identified [18]. Afterwards, the role of CCR5 in HIV-1 infection was soon elucidated [19-23]. Soon after these findings, researchers
sought genetic polymorphisms that could confer protection to HIV-1 infection [19-21,23,24]. These studies characterized the CCR5∆32 allele, which has been
unequivocally associated with protection to HIV-1 infection in homozygotic individuals [24-26]. This discovery
provided the first conclusive evidence for the existence of
genetic resistance to HIV-1 infection. CCR5∆32 expresses
a truncated co-receptor that is not transported to the cell
surface and thus is incompetent for viral entry [27]. Individuals homozygous for the ∆32 allele seem to have a normal life expectancy, although immunological differences
have been reported, which may influence the outcome of
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he importance of CD8⫹ T cells in the immune response
against HIV has been clearly established. Anti-HIV CTL
are often detectable in highly exposed individuals resistant to HIV infection, long term nonprogressors maintain strong,
diverse anti-HIV CTL responses, and in acute infection, emergence of HIV-specific CTL precedes a sharp decline in viremia,
(1– 6). Selection of CTL escape mutants parallels rising virus loads
in HIV and SIV infections, and when CD8⫹ T cell depletion before infection blunts CTL responses in SIV-infected monkeys, virus loads reach higher levels and remain high for a longer time
(7–10). The immune system’s disadvantage against a rapidly mutating virus is that it can only react to mutated peptide sequences
after they emerge, whereas factors such as partial reactivity with
altered peptide ligands and progressive immunodeficiency mitigate
against efficient serial adaptation (11). Anticipating emerging mutants could reduce the disadvantage, but CTL escape mutations can
vary widely within the agretope or epitope or even within flanking
residues that affect protein processing (12, 13). Therefore, HIV
escape from CTL can be relatively easily accomplished by various
amino acid changes at loosely defined sites.
Escape of HIV from antiretroviral drugs is a major obstacle to
effective long term antiretroviral therapy. Mutations conferring resistance within one or more of the three most extensively used

T

antiretroviral drug classes, nucleoside reverse transcriptase (RT)
inhibitors (NRTIs), nonnucleoside RT inhibitors (NNRTIs), and
protease (PR) inhibitors (PIs), have become increasingly common
in clinical HIV isolates (www.hivresistanceweb.com). Unlike the
mutations allowing escape from CTL, drug resistance mutations
localize to particular genomic sites and conform to specific amino
acid changes. Those conferring NRTI and NNRTI resistance cluster within RT codons 41–236, whereas those conferring PI resistance cluster within PR codons 10 –90. These regions of HIV-1 Pol
also encompass a number of previously identified CTL epitopes
(14). If these CTL epitopes remain immunogenic after incorporating drug resistance mutations, the well-documented constraints on
drug resistance mutations could potentially be exploited to prime
the immune system in anticipation of emerging mutants. Furthermore, if any epitopes incorporating drug resistance mutations exhibit enhanced antigenicity or immunogenicity, this would suggest
that drug treatment itself could modulate the CTL response against
HIV. Therefore, we investigated how a number of common antiretroviral drug resistance mutations in HIV pol affect CTL recognition and how the relative reactivity of CTL against wild-type Pol
peptides and their corresponding variants incorporating drug resistance mutations relate to treatment history and predominant endogenous viral sequences.
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Study population
Our study cohort consisted of 98 HIV-infected individuals attending the St.
John’s General Hospital HIV Clinic (St. John’s, Newfoundland, Canada).
HIV genotyping on selected plasma samples was conducted through a
commercial service at the British Columbia Center for Excellence in HIV/
2
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protease.

0022-1767/04/$02.00

Downloaded from www.jimmunol.org on April 23, 2012

Antiretroviral drug resistance and escape from CTL are major obstacles to effective control of HIV replication. To investigate the
possibility of combining drug and immune-based selective pressures against HIV, we studied the effects of antiretroviral drug
resistance mutations on CTL recognition of five HIV-1 Pol epitopes presented by common HLA molecules. We found that these
common drug resistance mutations sustain or even enhance the antigenicity and immunogenicity of HIV-1 Pol CTL epitopes.
Variable patterns of cross-reactive and selective recognition of wild-type and corresponding variant epitopes demonstrate a
relatively diverse population of CD8ⴙ T cells reactive against these epitopes. Variant peptides with multiple drug resistance
mutations still sustained CTL recognition, and some HIV-infected individuals demonstrated strong CD8ⴙ T cell responses against
multiple CTL epitopes incorporating drug resistance mutations. Selective reactivity against variant peptides with drug resistance
mutations reflected ongoing or previous exposure to the indicated drug, but was not dependent upon the predominance of the
mutated sequence in endogenous virus. The frequency and diversity of CTL reactivity against the variant peptides incorporating
drug resistance mutations and the ability of these peptides to activate and expand CTL precursors in vitro indicate a significant
functional interface between the immune system and antiretroviral therapy. Thus, drug-resistant variants of HIV are susceptible
to immune selective pressure that could be applied to combat transmission or emergence of antiretroviral drug-resistant HIV
strains and to enhance the immune response against HIV. The Journal of Immunology, 2004, 172: 7212–7219.
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Much uncertainty still exists over what T-cell responses need to be induced by an effective human immunodeficiency virus (HIV) vaccine. Previous studies have hypothesized that the effective CD8ⴙ T-cell responses
are those driving the selection of escape mutations that reduce viral fitness and therefore revert posttransmission. In this study, we adopted a novel approach to define better the role of reverting escape mutations in
immune control of HIV infection. This analysis of sequences from 710 study subjects with chronic C-clade HIV
type 1 infection demonstrates the importance of mutations that impose a fitness cost in the control of viremia.
Consistent with previous studies, the viral set points associated with each HLA-B allele are strongly correlated
with the number of Gag-specific polymorphisms associated with the relevant HLA-B allele (r ⴝ ⴚ0.56, P ⴝ
0.0034). The viral set points associated with each HLA-C allele were also strongly correlated with the number
of Pol-specific polymorphisms associated with the relevant HLA-C allele (r ⴝ ⴚ0.67, P ⴝ 0.0047). However,
critically, both these correlations were dependent solely on the polymorphisms identified as reverting. Therefore, despite the inevitable evolution of viral escape, viremia can be controlled through the selection of
mutations that are detrimental to viral fitness. The significance of these results is in highlighting the rationale
for an HIV vaccine that can induce these broad responses.
The recent failure of the first T-cell-based human immunodeficiency virus (HIV) vaccine (34, 43) has emphasized the
urgent need to refocus on the question of what T-cell responses need to be induced by an HIV vaccine. One of the
strongest clues to immune control of HIV comes from the
consistent associations observed between the expression of
particular HLA class I alleles, such as HLA-B*57 or -B*27,
and a low viral set point and between other alleles, such as
HLA-B*35 and -B*5802, and a high viral set point (13, 18, 19,
32, 36). The HIV-specific CD8⫹ T-cell responses generated in
infected individuals who have HLA-B*57 or -B*27 are dominated, in both acute and chronic infections, by CD8⫹ T cells

(cytotoxic T lymphocytes [CTL]) that target Gag epitopes (1,
12, 15, 17, 31, 35).
A critical role of Gag-specific responses in the control of
viremia has been established in studies of both simian immunodeficiency virus (SIV) and HIV (13, 24, 29, 37, 38, 44), and
population-based studies show that, irrespective of HLA type,
broad Gag-specific CD8⫹ T-cell responses are strongly associated with a decreasing viral load (3, 23). Furthermore, the
observation that HLA alleles such as B*57 and B*27 select
escape mutations within Gag epitopes that impose high fitness
costs on the virus, and that therefore are likely to “revert” back
to the wild type following transmission to HLA-mismatched
recipients (4, 28, 42), suggests a potentially important role for
the selection of reverting escape mutations (10, 25).
In addition to HLA-B and broad Gag-specific CD8⫹ T-cell
responses, a genome-wide association study recently indicated
that HLA-C-restricted responses may also play an important
role in the immune control of HIV (9). Viral kinetic data have
shown that not only Gag-specific (40) but also Pol-specific
CD8⫹ T cells are activated by virus-infected cells prior to the
de novo synthesis of viral proteins and Nef-mediated major
histocompatibility complex (MHC) class I downregulation
(41).
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Abstract
HIV-specific cytotoxic T lymphocyte (CTL) responses mediated by human leukocyte antigen (HLA)
recognition and antiretroviral drugs exert selection pressure on HIV-1 in vivo. The selection of CTL
escape mutations strongly underpins the failure of CTL control in most untreated infections whilst drugresistance mutations predict failure of drug control. These two evolutionary forces share common target
residues in HIV-1 at which their selection effects could be synergistic or antagonistic, such that the
propensity to develop drug resistance and virological treatment failure may be influenced by HLA type.
We examined HIV-1 reverse transcriptase (RT) and protease sequences in a large clinical observational
cohort of 487 HIV-infected individuals and found evidence of site-specific interactions between specific
antiretroviral drug exposures, HLA alleles and HIV sequence diversity at population level. Such
interactions may have general and specific implications for explaining in vivo/in vitro discordance of drug
resistance, host-specific susceptibility to drug resistance, individualization of therapy and therapeutic
vaccine design.
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Abstract
Human lymphocyte antigen (HLA)-restricted CD8+ cytotoxic T lymphocytes (CTL) target and kill HIV-infected cells expressing
cognate viral epitopes. This response selects for escape mutations within CTL epitopes that can diminish viral replication
fitness. Here, we assess the fitness impact of escape mutations emerging in seven CTL epitopes in the gp120 Env and p24
Gag coding regions of an individual followed longitudinally from the time of acute HIV-1 infection, as well as some of these
same epitopes recognized in other HIV-1-infected individuals. Nine dominant mutations appeared in five gp120 epitopes
within the first year of infection, whereas all four mutations found in two p24 epitopes emerged after nearly two years of
infection. These mutations were introduced individually into the autologous gene found in acute infection and then placed
into a full-length, infectious viral genome. When competed against virus expressing the parental protein, fitness loss was
observed with only one of the nine gp120 mutations, whereas four had no effect and three conferred a slight increase in
fitness. In contrast, mutations conferring CTL escape in the p24 epitopes significantly decreased viral fitness. One particular
escape mutation within a p24 epitope was associated with reduced peptide recognition and high viral fitness costs but was
replaced by a fitness-neutral mutation. This mutation appeared to alter epitope processing concomitant with a reduced CTL
response. In conclusion, CTL escape mutations in HIV-1 Gag p24 were associated with significant fitness costs, whereas most
escape mutations in the Env gene were fitness neutral, suggesting a balance between immunologic escape and replicative
fitness costs.
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the slow appearance of CTL escape mutation may be the ‘‘cost’’
on replicative fitness of the infecting strain [22].
Several lines of experimental evidence have inferred fitness
costs. First, specific HIV-1 and SIV escape variants can be
maintained in viral populations after transmission to a host sharing
the restricting HLA allele, and revert to the consensus, epitopic
form when transmitted to an individual not sharing the donor
restricting HLA allele [13,23–25]. Thus, in the absence of specific
CTL responses, viruses with consensus amino acids are likely to
have higher replicative fitness. Second, some escape mutations can
be compensated by extra-epitopic mutations also under selection,
implying a fitness cost for the escape mutation [26–29]. Lastly,
introduction of CTL escape mutations into HIV-1 and SIV
epitopes has been shown to reduce replication kinetics [26,30–34].
Martinez-Picado et al. have provided evidence that a specific
T242N mutation in the TW10 Gag p24 epitope can reduce fitness
when introduced into the autologous (patient-derived) HIV-1
sequence [32]. However, the collective assumption that CTL

Introduction
It is well established that the CTL response plays a major role in
control of both acute and chronic HIV-1 infection (reviewed in
[1]). Thus, numerous vaccine strategies are being evaluated to
elicit broad and potent CTL responses against HIV proteins [2].
However, a major obstacle is CTL-mediated selection leading to
viral escape, which occurs frequently in acute/early [3–8] and
chronic [9–11] infection. Recent studies have shown that CTL
selection is a major force driving viral evolution within individual
patients [12–14] and at the population level [15–18]. For some
epitopes, escape mutations are often slow to emerge, or even
absent despite strong specific CTL responses [13,19,20]. This rate
of CTL escape during infection may be influenced by mutational
pathways required for escape (e.g., requirements for transversion
versus transition and single versus multiple nucleotide mutations),
the killing efficiency (or ‘‘strength’’) of CTL responses [1] as well as
stochastic processes [21]. However, another often cited factor for
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Elite suppressors (ES) are untreated human immunodeficiency virus type 1 (HIV-1)-infected individuals
who control viremia to levels below the limit of detection of current assays. The mechanisms involved in this
control have not been fully elucidated. Several studies have demonstrated that some ES are infected with
defective viruses, but it remains unclear whether others are infected with replication-competent HIV-1. To
answer this question, we used a sensitive coculture assay in an attempt to isolate replication-competent virus
from a cohort of 10 ES. We successfully cultured six replication-competent isolates from 4 of the 10 ES. The
frequency of latently infected cells in these patients was more than a log lower than that seen in patients on
highly active antiretroviral therapy with undetectable viral loads. Full-length sequencing of all six isolates
revealed no large deletions in any of the genes. A few mutations and small insertions and deletions were found
in some isolates, but phenotypic analysis of the affected genes suggested that their function remained intact.
Furthermore, all six isolates replicated as well as standard laboratory strains in vitro. The results suggest that
some ES are infected with HIV-1 isolates that are fully replication competent and that long-term immunologic
control of replication-competent HIV-1 is possible.
CD8⫹ T cells to proliferate in response to HIV-1 antigens is
associated with long-term nonprogression (40). A similar correlation between proliferative responses of HIV-1-specific
CD4⫹ T cells and long-term nonprogression has been demonstrated (48). Neutralizing antibody responses have also been
examined in LTNP, and high-titer responses to lab strains and
heterologous primary isolates have been reported (11, 43, 45,
46). However, studies examining neutralization of autologous
virus have yielded conflicting results. Bradney et al. reported
relatively low titers of antibodies (8), whereas a more recent
study suggested that LTNP had higher titers than patients with
progressive disease (15).
Initial studies of LTNP focused on the ability of these individuals to maintain relatively normal CD4 counts. When sensitive assays for plasma HIV-1 RNA were developed, it became clear that many LTNP had detectable plasma HIV-1
RNA. However, in a subset of LTNP, there is no clinically
detectable viremia. These individuals are termed elite suppressors (ES). Initial studies by Migueles et al. provided striking
evidence that many ES carry the HLA-Bⴱ57 allele, raising the
possibility that CD8⫹ T-cell responses were involved in the
control of viremia (41). However, the finding that some individuals with the same allele have progressive disease suggests
that HLA-Bⴱ57-restricted CTL responses alone are not sufficient to explain control of viremia (39). The role of neutralizing antibodies in maintaining virologic suppression in ES has
been examined in a recent study, which found only very low
titers of neutralizing antibodies to contemporaneous, autologous isolates (4).
A major unresolved question regarding the mechanism of
virologic suppression in ES is whether these individuals were

Understanding the factors that affect the rate of disease
progression in human immunodeficiency virus type 1 (HIV-1)infected individuals can provide insights that may be critical for
the development of vaccines and immunotherapeutic strategies. HIV-1-infected individuals who remain asymptomatic
and maintain normal CD4⫹ T-cell counts without treatment
have been labeled long-term nonprogressors (LTNP). Two
principal theories have been advanced to explain the LNTP
state. One theory holds that LTNP are infected with defective
viruses. Several studies of LTNP have detected viruses with
gross defects in particular HIV-1 genes (3, 10, 14, 22, 24, 27, 34,
37, 49, 56). The most dramatic example comes from the Sydney
Blood Bank Cohort. An HIV-1 isolate with a large deletion in
Nef and the U3 region of the LTR was transmitted from an
asymptomatic donor to multiple recipients. The donor and all
of the recipients became LTNP (14, 29). Analysis of this cohort
showed definitively that infection with an attenuated virus
could lead to slowly progressive HIV-1 disease.
An alternative theory holds that LTNP have unusually effective immune response to HIV-1. CD8⫹ T cells from LTNP
are very efficient at controlling viral replication in vitro (6, 11)
and in vivo (16). More recent studies of cytotoxic-T-lymphocyte (CTL) responses in LTNP have shown that, whereas there
is no correlation between the frequency of gamma interferonsecreting CD8⫹ T cells and the viral load (1, 7), the ability of
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from a cohort of 10 ES. We successfully cultured six replication-competent isolates from 4 of the 10 ES. The
frequency of latently infected cells in these patients was more than a log lower than that seen in patients on
highly active antiretroviral therapy with undetectable viral loads. Full-length sequencing of all six isolates
revealed no large deletions in any of the genes. A few mutations and small insertions and deletions were found
in some isolates, but phenotypic analysis of the affected genes suggested that their function remained intact.
Furthermore, all six isolates replicated as well as standard laboratory strains in vitro. The results suggest that
some ES are infected with HIV-1 isolates that are fully replication competent and that long-term immunologic
control of replication-competent HIV-1 is possible.
CD8⫹ T cells to proliferate in response to HIV-1 antigens is
associated with long-term nonprogression (40). A similar correlation between proliferative responses of HIV-1-specific
CD4⫹ T cells and long-term nonprogression has been demonstrated (48). Neutralizing antibody responses have also been
examined in LTNP, and high-titer responses to lab strains and
heterologous primary isolates have been reported (11, 43, 45,
46). However, studies examining neutralization of autologous
virus have yielded conflicting results. Bradney et al. reported
relatively low titers of antibodies (8), whereas a more recent
study suggested that LTNP had higher titers than patients with
progressive disease (15).
Initial studies of LTNP focused on the ability of these individuals to maintain relatively normal CD4 counts. When sensitive assays for plasma HIV-1 RNA were developed, it became clear that many LTNP had detectable plasma HIV-1
RNA. However, in a subset of LTNP, there is no clinically
detectable viremia. These individuals are termed elite suppressors (ES). Initial studies by Migueles et al. provided striking
evidence that many ES carry the HLA-Bⴱ57 allele, raising the
possibility that CD8⫹ T-cell responses were involved in the
control of viremia (41). However, the finding that some individuals with the same allele have progressive disease suggests
that HLA-Bⴱ57-restricted CTL responses alone are not sufficient to explain control of viremia (39). The role of neutralizing antibodies in maintaining virologic suppression in ES has
been examined in a recent study, which found only very low
titers of neutralizing antibodies to contemporaneous, autologous isolates (4).
A major unresolved question regarding the mechanism of
virologic suppression in ES is whether these individuals were

Understanding the factors that affect the rate of disease
progression in human immunodeficiency virus type 1 (HIV-1)infected individuals can provide insights that may be critical for
the development of vaccines and immunotherapeutic strategies. HIV-1-infected individuals who remain asymptomatic
and maintain normal CD4⫹ T-cell counts without treatment
have been labeled long-term nonprogressors (LTNP). Two
principal theories have been advanced to explain the LNTP
state. One theory holds that LTNP are infected with defective
viruses. Several studies of LTNP have detected viruses with
gross defects in particular HIV-1 genes (3, 10, 14, 22, 24, 27, 34,
37, 49, 56). The most dramatic example comes from the Sydney
Blood Bank Cohort. An HIV-1 isolate with a large deletion in
Nef and the U3 region of the LTR was transmitted from an
asymptomatic donor to multiple recipients. The donor and all
of the recipients became LTNP (14, 29). Analysis of this cohort
showed definitively that infection with an attenuated virus
could lead to slowly progressive HIV-1 disease.
An alternative theory holds that LTNP have unusually effective immune response to HIV-1. CD8⫹ T cells from LTNP
are very efficient at controlling viral replication in vitro (6, 11)
and in vivo (16). More recent studies of cytotoxic-T-lymphocyte (CTL) responses in LTNP have shown that, whereas there
is no correlation between the frequency of gamma interferonsecreting CD8⫹ T cells and the viral load (1, 7), the ability of
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six isolates are fully replication competent, and all isolates
grew normally in primary CD4⫹ T lymphoblasts.
The finding that ES harbor replication-competent viruses
strongly suggests that host factors may be playing a key role in
the control of viral replication in ES. The fact that primary
isolates as well as reference HIV-1 strains replicated well in ES
CD4⫹ T cells suggests that these patients do not have an
intrinsic factor that inhibits HIV replication. We have previously shown that ES4, ES8, and ES10 have low titers of neutralizing antibodies to autologous virus (4). Thus, humoral
immunity is probably not the explanation for the nonprogression in these patients. ES1 and ES8 are positive for the HLABⴱ27 and HLA-Bⴱ57 allele groups, which are over-represented
in LTNP (9, 13, 25, 26, 28, 36) and ES (41). HLA-Bⴱ44 has not
been associated with slow progression, but three of the four ES
had this allele. Interestingly, the gag genes of both replicationcompetent isolates from ES8 did not contain any escape mutations in HLA-Bⴱ57-restricted epitopes that were present in
every sequence amplified from the free virus in the plasma of
this individual (5). Thus, both isolates should be fully susceptible to HLA Bⴱ57-restricted CTL present in this patient (5).
Taken together, it appears that in some cases, host factors such
as CTL responses can control viral replication. Further study
may shed light into the mechanisms involved in this control.
Our results suggest that long-term immunologic control of fully
pathogenic HIV-1 is possible.
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Crippling HIV one mutation at a time
Todd M. Allen and Marcus Altfeld

Despite significant progress in our understanding of HIV-1 pathogenesis
over the past two decades, the precise
correlates of protective immunity against
HIV-1 infection remain unknown, and
the lack of this information has impaired the development of an effective
HIV-1 vaccine. It is now well established that virus-specific immune responses, and in particular HIV-1–specific
CD8+ T cell responses, contribute to
the control of viral replication in infected individuals. The virus, however,
has developed several means to evade
these responses, the most notable of
which is its ability to rapidly acquire
mutations that impair its recognition by
epitope-specific CD8+ T cells (1). This
continuous evolution of HIV-1 has also
contributed to the dramatic sequence
diversity among circulating viral strains
at the population level, which represents a major challenge for vaccine
development (2). Fortunately, several
recent studies, including a study by
Goepfert et al. (3) on page 1009 of this
issue, indicate that the ability of HIV-1
to escape virus-specific immunity is not
limitless, but rather comes at a fitness
cost to the virus, which may hold hope
for the design of an effective HIV-1
vaccine.
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Balancing cytotoxic T lymphocyte
escape and viral fitness
To understand the complex interplay
between the immune response and the
sequence evolution of HIV-1, and to
understand why sustained immune
control of HIV-1 is so difficult to attain, it is important to examine the lessons learned from studies of HIV-1
drug resistance (4). It is well known
that HIV-1 can rapidly develop drug
resistance mutations when single sites
in the viral genome are under intense
selective pressure, such as in patients
undergoing mono- and dual-drug
therapy. This observation eventually
spurred the development of triple-drug
therapies that target multiple highly
conserved sites of the virus, making simultaneous mutations in these regions
very unlikely. This multi-pronged approach has been extremely successful
at containing HIV-1, limiting the
development of drug resistance, and
dramatically slowing disease progression. These studies also suggested that
although viral escape from antiretroviral therapy through the development
of drug resistance mutations may be
immediately advantageous to the virus
in the presence of the drug, they nonetheless result in a reduction of viral replicative fitness (4). Evidence for this
fitness loss is derived in part from the
observation that drug-resistance mutations quickly revert back to wild-type
in the absence of the drug, either when
therapy is stopped or when the virus
is transmitted to a new host (5, 6).
Furthermore, continuing antiretroviral
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therapy even after the virus has developed resistance to a specific drug can
be clinically beneficial (7).
The concept of drug-induced selection pressure can also be applied to
selective pressures imparted by virusspecific CD8+ T cell responses. The
relationship between immune-mediated selection pressure, the emergence
of viral escape mutations within targeted CD8+ T cell epitopes, and the
impact of these mutations on viral replicative fitness is best illustrated in the
context of virus-specific CD8+ T cell
responses restricted by human histocompatibility leukocyte antigen (HLA)B57. This HLA class I allele has been
consistently associated with protection
from HIV-1 disease progression (8–10).
Individuals expressing HLA-B57 mount
a strong CD8+ T cell response against a
highly conserved epitope within Gag
called TW10 very early in acute HIV-1
infection (11, 12). The development of
this TW10-specific CD8+ T cell response is associated with the reduction
of viral load by 1,000-fold or more.
The virus eventually evades this dominant TW10-specific CD8+ T cell response by selecting for escape variants
within the epitope (13–15). But despite
immune escape, viral replication remains well controlled in these individuals, and large numbers of individuals
expressing HLA-B57 have long-term
nonprogressive HIV-1 infection (16).
The underlying factors responsible for
this apparent paradox—efficient control of virus replication despite viral
escape from CD8+ T cell–mediated
immune pressure—appear to be related
to the reduced replicative fitness of
viruses containing escape mutations in
the TW10 epitope. Indeed, the rapid
in vivo reversion of these mutations
back to wild-type after transmission
into a new HLA-B57⫺ host (13), and
the direct impact of these mutations on
viral replication in vitro, confirm the
1003
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Accumulating data suggest that not all human immunodeficiency virus (HIV)1–specific immune responses are equally effective at controlling HIV-1
replication. A new study now demonstrates that multiple immune-driven
sequence polymorphisms in the highly conserved HIV-1 Gag region of transmitted viruses are associated with reduced viral replication in newly infected
humans. These data suggest that targeting these and other conserved viral
regions may be the key to developing an effective HIV-1 vaccine.
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Control of HIV-1 might therefore
require a combined assault on conserved regions of the virus, which
can cripple HIV-1 one mutation at
a time.

Broader Gag response, better
protection
A crucial observation of recent studies
associating Gag-specific CD8+ T cell
responses with control of HIV-1 viremia
was that the breadth of the Gag-specific
responses appeared to be important for
this control. In a large cohort study of
HIV-1 clade C–infected individuals in
South Africa, CD8+ T cell responses
against two or more epitopes in Gag
were associated with markedly lower
viral set points, whereas CD8+ T cell
responses against one or no epitope in
Gag was not associated with viral conJEM VOL. 205, May 12, 2008

The disadvantages of too many choices
Virus-specific CD8+ T cell responses
can compete with one another, with
the rapid expansion of responses against
one epitope impairing the subsequent
development of responses against other
epitopes (42). This competition might
help to explain the observation that
CD8+ T cell responses targeting the
more variable regions of the virus, such
as Nef and Env, have been associated
with no protection or with even higher
viremia, as these responses could have
suppressed protective Gag-specific responses (3, 32). This lack of protection
by Nef- and Env-specific T cell responses in natural infection implies that
it may be critical for vaccines not only
to target highly conserved regions, such
as Gag, but also to exclude variable regions to avoid competition. If ongoing
vaccine studies in the nonhuman pri-

mate model substantiate this, an additional challenge will be to simultaneously
prime cellular immune responses against
conserved structural proteins, while
eliciting neutralizing antibody responses
against the envelope protein. Because
antibodies recognize and eliminate virus from the blood before it has a chance
to infect a cell, the combined efforts of
vaccine-induced neutralizing antibodies
and CD8+ T cell responses will likely
be needed to mount an effective immune responses against HIV-1.
To date, efforts to design an effective HIV-1 vaccine have largely focused
on inducing stronger CD8+ T cell responses against an array of viral proteins
in the hopes of eliciting the broadest
immune response possible. These attempts to recapitulate the immunity
induced in natural HIV-1 infection,
which fails to protect from disease progression in the vast majority of infected
individuals, is prone to failure against
such a highly variable pathogen that can
easily evade the majority of these responses. Recent data, including the
study by Goepfert et al., demonstrate a
protective effect of broadly directed
Gag-specific CD8+ T cell responses and
a cumulative effect of immune-driven
mutations in Gag on viral replication
capacity, suggesting that some HIV-1–
specific immune responses are superior to
others in mediating protective immunity. Control of HIV-1 might therefore
require a combined assault on conserved
regions of the virus (1, 41), which can
cripple HIV-1 one mutation at a time.
If so, it will be necessary to identify and
target vaccine responses against the most
critical regions, and only those regions,
to hit HIV-1 where it hurts.
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extent that flanking compensatory mutations often arise that partially restore
these replicative defects (15, 17, 39).
There are several reasons why Gag
might be critical for raising a protective
immune response. First, Gag’s dominance as a target of the cellular immune
response (26–28) may be due to its
preferential processing and presentation
by infected cells. Gag-derived epitopes
can be presented very early after infection because a majority of the capsid
molecules derived from the Gag p24
subunit of the infecting virion can be
rapidly degraded and presented on the
surface of an infected cell before the rest
of the viral proteins are synthesized de
novo (40). Furthermore, the Gag protein, and in particular the p24 subunit,
is a key structural component of the virus and is thus highly conserved. Therefore, immune responses against this
critical “Achilles’ heel” of HIV-1 may
provide strong protection because the
virus can evade this response only at
significant cost to its replicative fitness
(1, 41). The study in transmission pairs
by Goepfert et al. provides further evidence for this model by demonstrating
that the transmission of multiple escape
mutations in Gag, but not Nef, is associated with reduced viral loads in the
new host (3).

trol (32). In the current study, Goepfert
et al. observed that the transmission of
more than five sequence variations in
Gag was associated with lower viral loads
in the new host, whereas transmission
of three or fewer mutations was not (3).
These data strongly suggest that an accumulation of either multiple Gag-specific CD8+ T cell responses or the
resulting mutations within Gag is critical for viral containment. This observation might help to explain why the
vaccine used in the recently terminated
STEP trial failed to protect humans
from HIV-1 infection or to improve
control of viremia. The vaccine used
the backbone of a common cold virus
to deliver gag, pol, and nef genes to
prime CD8+ T cell responses against
HIV-1 (http://www.hvtn.org/media/
pr/step.html). Despite considerable
immunogenicity in nonhuman primates,
however, the vaccine elicited CD8+ T
cell responses against fewer than two
epitopes within Gag in ⵑ80% of vaccinated subjects in Phase I trials (slide 12;
http://www.hvtn.org/fgm/1107slides/
McElrath.pdf). Therefore, although the
vaccine was capable of inducing CD8+
T cell responses, the breadth of the
Gag-specific response was substantially
lower than that associated with protection in natural infection.

Published May 5, 2008

COMMENTARY

Control of HIV-1 might therefore
require a combined assault on conserved regions of the virus, which
can cripple HIV-1 one mutation at
a time.

Broader Gag response, better
protection
A crucial observation of recent studies
associating Gag-specific CD8+ T cell
responses with control of HIV-1 viremia
was that the breadth of the Gag-specific
responses appeared to be important for
this control. In a large cohort study of
HIV-1 clade C–infected individuals in
South Africa, CD8+ T cell responses
against two or more epitopes in Gag
were associated with markedly lower
viral set points, whereas CD8+ T cell
responses against one or no epitope in
Gag was not associated with viral conJEM VOL. 205, May 12, 2008

The disadvantages of too many choices
Virus-specific CD8+ T cell responses
can compete with one another, with
the rapid expansion of responses against
one epitope impairing the subsequent
development of responses against other
epitopes (42). This competition might
help to explain the observation that
CD8+ T cell responses targeting the
more variable regions of the virus, such
as Nef and Env, have been associated
with no protection or with even higher
viremia, as these responses could have
suppressed protective Gag-specific responses (3, 32). This lack of protection
by Nef- and Env-specific T cell responses in natural infection implies that
it may be critical for vaccines not only
to target highly conserved regions, such
as Gag, but also to exclude variable regions to avoid competition. If ongoing
vaccine studies in the nonhuman pri-

mate model substantiate this, an additional challenge will be to simultaneously
prime cellular immune responses against
conserved structural proteins, while
eliciting neutralizing antibody responses
against the envelope protein. Because
antibodies recognize and eliminate virus from the blood before it has a chance
to infect a cell, the combined efforts of
vaccine-induced neutralizing antibodies
and CD8+ T cell responses will likely
be needed to mount an effective immune responses against HIV-1.
To date, efforts to design an effective HIV-1 vaccine have largely focused
on inducing stronger CD8+ T cell responses against an array of viral proteins
in the hopes of eliciting the broadest
immune response possible. These attempts to recapitulate the immunity
induced in natural HIV-1 infection,
which fails to protect from disease progression in the vast majority of infected
individuals, is prone to failure against
such a highly variable pathogen that can
easily evade the majority of these responses. Recent data, including the
study by Goepfert et al., demonstrate a
protective effect of broadly directed
Gag-specific CD8+ T cell responses and
a cumulative effect of immune-driven
mutations in Gag on viral replication
capacity, suggesting that some HIV-1–
specific immune responses are superior to
others in mediating protective immunity. Control of HIV-1 might therefore
require a combined assault on conserved
regions of the virus (1, 41), which can
cripple HIV-1 one mutation at a time.
If so, it will be necessary to identify and
target vaccine responses against the most
critical regions, and only those regions,
to hit HIV-1 where it hurts.
REFERENCES
1. Goulder, P.J., and D.I. Watkins. 2004. HIV
and SIV CTL escape: implications for vaccine design. Nat. Rev. Immunol. 4:630–640.
2. Walker, B.D., and B.T. Korber. 2001.
Immune control of HIV: the obstacles of HLA
and viral diversity. Nat. Immunol. 2:473–475.
3. Goepfert, P.A., W. Lumm, P. Farmer, P.
Matthews, A. Prendergast, J. Carlson, C.A.
Derdeyn, J. Tang, R.A. Kaslow, A. Bansal,
et al. 2008. Transmission of HIV-1 Gag immune escape mutations is associated with reduced viral load in linked recipients. J. Exp.
Med. 205:1009–1017.
1005

Downloaded from jem.rupress.org on December 20, 2013

extent that flanking compensatory mutations often arise that partially restore
these replicative defects (15, 17, 39).
There are several reasons why Gag
might be critical for raising a protective
immune response. First, Gag’s dominance as a target of the cellular immune
response (26–28) may be due to its
preferential processing and presentation
by infected cells. Gag-derived epitopes
can be presented very early after infection because a majority of the capsid
molecules derived from the Gag p24
subunit of the infecting virion can be
rapidly degraded and presented on the
surface of an infected cell before the rest
of the viral proteins are synthesized de
novo (40). Furthermore, the Gag protein, and in particular the p24 subunit,
is a key structural component of the virus and is thus highly conserved. Therefore, immune responses against this
critical “Achilles’ heel” of HIV-1 may
provide strong protection because the
virus can evade this response only at
significant cost to its replicative fitness
(1, 41). The study in transmission pairs
by Goepfert et al. provides further evidence for this model by demonstrating
that the transmission of multiple escape
mutations in Gag, but not Nef, is associated with reduced viral loads in the
new host (3).

trol (32). In the current study, Goepfert
et al. observed that the transmission of
more than five sequence variations in
Gag was associated with lower viral loads
in the new host, whereas transmission
of three or fewer mutations was not (3).
These data strongly suggest that an accumulation of either multiple Gag-specific CD8+ T cell responses or the
resulting mutations within Gag is critical for viral containment. This observation might help to explain why the
vaccine used in the recently terminated
STEP trial failed to protect humans
from HIV-1 infection or to improve
control of viremia. The vaccine used
the backbone of a common cold virus
to deliver gag, pol, and nef genes to
prime CD8+ T cell responses against
HIV-1 (http://www.hvtn.org/media/
pr/step.html). Despite considerable
immunogenicity in nonhuman primates,
however, the vaccine elicited CD8+ T
cell responses against fewer than two
epitopes within Gag in ⵑ80% of vaccinated subjects in Phase I trials (slide 12;
http://www.hvtn.org/fgm/1107slides/
McElrath.pdf). Therefore, although the
vaccine was capable of inducing CD8+
T cell responses, the breadth of the
Gag-specific response was substantially
lower than that associated with protection in natural infection.
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Discussion

Summary
Cytotoxic T lymphocytes (CTLs) are considered to play an important role in the
containment of HIV-1 infection. Their efficacy is, however, limited as they also
continuously select for HIV-1 variants with escape mutations in CTL epitopes.
Moreover, it remains to be established whether the preservation of high frequencies of
HIV-1-specific CTLs in long-term nonprogressive HIV-1 infection are cause or
consequence of controlled HIV infection. On the positive side, some escape mutations
seem to come at a fitness cost to the virus, which may imply that some CTLs, by
selecting HIV-1 variants with reduced replication competence, still contribute to a
reduced viral load. The implications of current knowledge on HIV-specific cellular
immunity for vaccine development will be discussed.
The clinical course of HIV-1 infection
Humans display a large variability in their susceptibility to HIV-1 infection and disease
progression after infection. In the absence of antiviral therapy, AIDS develops typically
within 5-7 years after infection, although very rapid disease progression in less than 2 years
or virtually no disease progression for more than 25 years are observed as well (Figure 1) 1.
Individuals with a long-term nonprogressive HIV infection (long-term nonprogressors,
LTNPs), defined by us as an asymptomatic HIV-1-positive follow-up of at least 9 years
with stable CD4 counts above 400 cells in the ninth year of follow-up, comprise
approximately 5% of the total HIV-1-infected population 2-4. While LTNPs generally still
have a low but detectable viral load, more recently a group of so-called “elite controllers”
has been identified 5,6. These individuals have maintained HIV RNA levels below 50
copies/ml for at least 1 year in the absence of antiretroviral therapy and constitute less than
1% of the HIV-1 infected population 4-7

Figure 1
The distribution of the clinical course of HIV-1
infection in the Amsterdam Cohort Studies.
Time from seroconversion to AIDS according to
the Centers for Disease Control and Prevention
1993 definition in 235 homosexual men from
the Amsterdam Cohort Studies on HIV infection
and AIDS.

Several factors have been identified that influence the rate of HIV-1 disease progression 8. Individuals infected with attenuated viruses, for instance HIV-1 variants with a deletion
in the viral nef gene 13, showed prolonged asymptomatic survival 13-15, whereas a high viral
load set point, which may relate to the replication potential of the virus, is highly predictive
for accelerated disease progression 16.
Host factors have also been implicated in influencing the clinical course of infection. For
example, heterozygosity for a 32-base pair deletion in the CCR5 gene which encodes one
of the coreceptors for HIV-1 has been associated with delayed disease progression 17.
Obviously, a role for HIV-1-specific immune responses in the control of viremia and
disease course has been envisaged as well. Although neutralizing antibodies are important
12
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Expression of HLA-B57 is associated with restricted replication of human immunodeficiency virus (HIV),
but the mechanism for its protective effect remains unknown. If this advantage depends upon CD8 T-cell
recognition of B57-restricted epitopes, mother-to-child transmission of escape mutations within these epitopes
could nullify its protective effect. However, if the B57 advantage is largely mediated by selection for fitnessattenuating viral mutations within B57-restricted epitopes, such as T242N in TW10-Gag, then the transmission
of such mutations could facilitate viral control in the haploidentical infant. We assessed the consequences of
B57-associated mutations on replication capacity, viral control, and clinical outcome after vertical transmission in 13 mother-child pairs. We found that expression of HLA-B57 was associated with exceptional control
of HIV during infancy, even when mutations within TW10 and most other B57-restricted epitopes were
transmitted, subverting the natural immunodominance of HLA-B57. In contrast, most B57-negative infants
born to B57-positive mothers progressed rapidly to AIDS. The presence of T242N led to a reproducible
reduction in viral fitness, as demonstrated by in vitro assays using NL4-3 constructs encoding p24 sequences
from individual mothers and infants. Associated compensatory mutations within p24-Gag were observed to
reverse this impairment and to influence the propensity of T242N to revert after transmission to B57-negative
hosts. Moreover, primary failure to control viremia was observed in one infant to whom multiple compensatory
mutations were transmitted along with T242N. These parallel in vivo and in vitro data suggest that HLA-B57
confers its advantage primarily by driving and maintaining a fitness-attenuating mutation in p24-Gag.
a highly conserved region of p24-Gag capsid protein. Although
this mutation permits the virus to escape from CD8 T-cell
surveillance, it incurs a cost to viral replicative capacity (5, 24,
26). Thus, it has been hypothesized that the B57 advantage
may be an indirect effect of CD8 response, whereby viral control does not rely on active surveillance by B57-restricted CD8
T cells but instead upon an “imprint” of the B57-restricted
CD8 response that forces the viral capsid protein into a less fit
state. Recent studies have suggested that such escape mutations may even result in lower HIV RNA levels in the next host
to whom the virus is transmitted (9, 18). Selection for T242N is
frequently followed by the emergence of upstream mutations
at residues H219, I223, and M228 in the cyclophilin A (CypA)
binding loop that have been shown to partially compensate for
its fitness defect (5, 24, 26, 32), which may explain why many
B57-positive individuals ultimately develop high viral loads
despite the presence of T242N. The timing with which these
compensatory mutations emerge and accumulate varies among
B57-positive individuals, possibly due to constraints imposed
by interacting Gag residues (7), and this variability may contribute to the observed heterogeneity in clinical outcomes.
Mother-to-child transmission of HIV affords a unique model
for differentiating between the impact of CD8 T cells and the

Expression of HLA-B57 is associated with low levels of viremia and prolonged survival after human immunodeficiency
virus (HIV) infection, but the mechanism underlying this association is not well understood. Because the principal role of
class I HLA molecules is to bind viral peptides for presentation
to cytotoxic CD8⫹ T cells, numerous studies have sought to
identify quantitative or qualitative features of the B57-restricted CD8 T-cell response to HIV that correlate with effective viral containment. However, despite exhaustive studies of
the HIV-specific CD8 response in B57-positive individuals, few
differences in the frequency, function, or epitope specificity of
CD8 cells have been identified that reliably distinguish B57positive controllers from the many B57-positive individuals
with progressive HIV infection (1, 28–30). Early in the course
of HIV infection, CD8 cells consistently select for a T242N
substitution in the B57-restricted epitope TW10, which lies in
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HLA-G is a non-classical major histocompatibility complex (MHC) class I antigen with highly limited tissue
distribution under non-pathological conditions. Although capable of acting as a peptide-presenting molecule, its
strong immune-inhibitory properties identify HLA-G as a mediator of immune tolerance with specific relevance
at immune-privileged sites such as trophoblast or thymus. To assess the role of HLA-G in CNS immunity, we
investigated its expression in brain specimens from patients with multiple sclerosis (n = 11), meningitis (n = 2)
and Alzheimer’s disease (n = 2) and non-pathological CNS controls (n = 6). Furthermore, cultured human
microglial cells and CSF of patients with multiple sclerosis and controls were assessed. Furthermore, CSF from
MS patients and controls, as well as cultured human microglial cells were assessed. Using several HLA-G specific
mAb and immunohistochemistry, HLA-G protein was found strongly expressed in brain specimens from
patients with multiple sclerosis while it was rarely detectable in the non-pathological control specimens. In
multiple sclerosis brain specimens, HLA-G immunoreactivity was observed in acute plaques, in chronic active
plaques, in perilesional areas as well as in normal appearing white matter. In all areas microglial cells, macrophages, and in part endothelial cells were identified as the primary cellular source of expression. HLA-G was
also found in other disease entities (meningitis, Alzheimer’s specimens) where expression correlated to activation and MHC class II expression on microglial cells. Importantly, ILT2, a receptor for HLA-G, was also found in
multiple sclerosis brain specimens thus emphasizing the relevance of this inhibitory pathway in vivo. HLA-G
mRNA and protein expression and regulation could also be corroborated on cultured human microglial cells
in vitro. Further, expression of HLA-G in the CSF of multiple sclerosis patients and controls was analysed by flow
cytometry and ELISA. Monocytes represented the main source of cellular HLA-G expression in the CSF.
Corresponding to the observations with the tissue specimens, CSF mean levels of soluble HLA-G were significantly higher in multiple sclerosis than in non-inflammatory controls (171 6 31 versus 39 6 10 U/ml; P =
0.0001). The demonstration of HLA-G and its receptor ILT2 on CNS cells and in areas of microglia activation
implicate HLA-G as a contributor to the fundamental mechanisms regulating immune reactivity in the CNS.
This pathway may act as an inhibitory feedback aimed to downregulate the deleterious effects of T-cell infiltration in neuroinflammation.
Keywords: HLA-G; multiple sclerosis; CNS immunity; non-classical MHC molecules; immuneregulation in the CNS; ILT;
microglia
Abbreviations: APC = antigen-presenting cell; MHC = major histocompatibility complex; mAb = monoclonal antibody;
MS = multiple sclerosis; CSF = cerebrospinal fluid; GA = glatiramer acetate; OND = other neurological disease
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Human immunodeficiency virus type 1 (HIV-1) elite controllers (EC) maintain viremia below the limit of
commercial assay detection (<50 RNA copies/ml) in the absence of antiviral therapy, but the mechanisms of
control remain unclear. HLA-B57 and the closely related allele B*5801 are particularly associated with
enhanced control and recognize the same Gag240–249 TW10 epitope. The typical escape mutation (T242N)
within this epitope diminishes viral replication capacity in chronically infected persons; however, little is
known about TW10 epitope sequences in residual replicating viruses in B57/B*5801 EC and the extent to which
mutations within this epitope may influence steady-state viremia. Here we analyzed TW10 in a total of 50
B57/B*5801-positive subjects (23 EC and 27 viremic subjects). Autologous plasma viral sequences from both
EC and viremic subjects frequently harbored the typical cytotoxic T-lymphocyte (CTL)-selected mutation
T242N (15/23 sequences [65.2%] versus 23/27 sequences [85.1%], respectively; P ⴝ 0.18). However, other
unique mutants were identified in HIV controllers, both within and flanking TW10, that were associated with
an even greater reduction in viral replication capacity in vitro. In addition, strong CTL responses to many of
these unique TW10 variants were detected by gamma interferon-specific enzyme-linked immunospot assay.
These data suggest a dual mechanism for durable control of HIV replication, consisting of viral fitness loss
resulting from CTL escape mutations together with strong CD8 T-cell immune responses to the arising variant
epitopes.

Growing numbers of studies suggest that CTL targeting
Gag, particularly the p24 capsid protein, play an important role
in controlling viremia (7, 15, 22, 26, 32, 33, 38). Indeed, the
most protective HLA class I allele, B57, which is present in
over 40% of EC (32), restricts four immunodominant CTL
epitopes in the p24 capsid protein. Previous studies have failed
to find differences in the recognition of Gag epitopes or in
gamma interferon (IFN-␥) responses to HIV proteins between
B57-positive (B57⫹) long-term nonprogressors and B57⫹ progressors (28). Other studies have shown differences in the
frequency of polyfunctional CD8⫹ T cells between B57⫹ EC
and B57⫹ progressors (5); likewise, differences in the frequency of IFN-␥/interleukin-2-producing CD8⫹ T cells between controllers and progressors with protective HLA alleles
were reported (16). Recently, Bailey et al. reported that
plasma viruses in B57⫹ EC can harbor CTL escape mutations
in the Gag protein, and in some cases these autologous variants
were recognized by CTL (3). However, since there were no
comparisons to progressors, it is unclear whether the viral
variants that were detected or the apparent de novo CTL
responses to the variant viruses are characteristic features
among B57⫹ persons who maintain persistent control.
Of the four immunodominant Gag CTL epitopes restricted
by HLA-B57, TW10 (TSTLQEQIGW [Gag residues 240 to

A subset of human immunodeficiency virus type 1 (HIV-1)infected persons who control viremia to below the limit of
detection (⬍50 RNA copies/ml plasma) without antiviral therapy has been termed elite controllers/suppressors (EC) (2, 3, 6,
13, 32). Some of these individuals have been infected in excess
of 30 years, indicating prolonged containment of HIV replication, but the mechanisms associated with this extreme viremia
control remain elusive (13). Among EC, certain HLA class I
alleles are overrepresented, in particular HLA-B57, strongly
suggesting that HIV-1-specific cytotoxic T-lymphocyte (CTL)
responses restricted by these alleles may be crucial for viremia
control (16, 29, 32). However, to date, there has been no clear
explanation as to why some subjects can control viremia but
others cannot, even when carrying the same allegedly protective HLA alleles. Moreover, the characteristics of virus-specific
immune responses as well as the impact of viral escape mutations on in vitro replicative fitness in persons with different
disease outcomes remain unclear.
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Human immunodeficiency virus type 1 (HIV-1) elite controllers (EC) maintain viremia below the limit of
commercial assay detection (<50 RNA copies/ml) in the absence of antiviral therapy, but the mechanisms of
control remain unclear. HLA-B57 and the closely related allele B*5801 are particularly associated with
enhanced control and recognize the same Gag240–249 TW10 epitope. The typical escape mutation (T242N)
within this epitope diminishes viral replication capacity in chronically infected persons; however, little is
known about TW10 epitope sequences in residual replicating viruses in B57/B*5801 EC and the extent to which
mutations within this epitope may influence steady-state viremia. Here we analyzed TW10 in a total of 50
B57/B*5801-positive subjects (23 EC and 27 viremic subjects). Autologous plasma viral sequences from both
EC and viremic subjects frequently harbored the typical cytotoxic T-lymphocyte (CTL)-selected mutation
T242N (15/23 sequences [65.2%] versus 23/27 sequences [85.1%], respectively; P ⴝ 0.18). However, other
unique mutants were identified in HIV controllers, both within and flanking TW10, that were associated with
an even greater reduction in viral replication capacity in vitro. In addition, strong CTL responses to many of
these unique TW10 variants were detected by gamma interferon-specific enzyme-linked immunospot assay.
These data suggest a dual mechanism for durable control of HIV replication, consisting of viral fitness loss
resulting from CTL escape mutations together with strong CD8 T-cell immune responses to the arising variant
epitopes.

Growing numbers of studies suggest that CTL targeting
Gag, particularly the p24 capsid protein, play an important role
in controlling viremia (7, 15, 22, 26, 32, 33, 38). Indeed, the
most protective HLA class I allele, B57, which is present in
over 40% of EC (32), restricts four immunodominant CTL
epitopes in the p24 capsid protein. Previous studies have failed
to find differences in the recognition of Gag epitopes or in
gamma interferon (IFN-␥) responses to HIV proteins between
B57-positive (B57⫹) long-term nonprogressors and B57⫹ progressors (28). Other studies have shown differences in the
frequency of polyfunctional CD8⫹ T cells between B57⫹ EC
and B57⫹ progressors (5); likewise, differences in the frequency of IFN-␥/interleukin-2-producing CD8⫹ T cells between controllers and progressors with protective HLA alleles
were reported (16). Recently, Bailey et al. reported that
plasma viruses in B57⫹ EC can harbor CTL escape mutations
in the Gag protein, and in some cases these autologous variants
were recognized by CTL (3). However, since there were no
comparisons to progressors, it is unclear whether the viral
variants that were detected or the apparent de novo CTL
responses to the variant viruses are characteristic features
among B57⫹ persons who maintain persistent control.
Of the four immunodominant Gag CTL epitopes restricted
by HLA-B57, TW10 (TSTLQEQIGW [Gag residues 240 to

A subset of human immunodeficiency virus type 1 (HIV-1)infected persons who control viremia to below the limit of
detection (⬍50 RNA copies/ml plasma) without antiviral therapy has been termed elite controllers/suppressors (EC) (2, 3, 6,
13, 32). Some of these individuals have been infected in excess
of 30 years, indicating prolonged containment of HIV replication, but the mechanisms associated with this extreme viremia
control remain elusive (13). Among EC, certain HLA class I
alleles are overrepresented, in particular HLA-B57, strongly
suggesting that HIV-1-specific cytotoxic T-lymphocyte (CTL)
responses restricted by these alleles may be crucial for viremia
control (16, 29, 32). However, to date, there has been no clear
explanation as to why some subjects can control viremia but
others cannot, even when carrying the same allegedly protective HLA alleles. Moreover, the characteristics of virus-specific
immune responses as well as the impact of viral escape mutations on in vitro replicative fitness in persons with different
disease outcomes remain unclear.
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