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The possession of some HLA class I molecules is associated with delayed progression to AIDS. The
mechanism behind this beneficial effect is unclear. We tested the idea that cytotoxic T-cell responses restricted
by advantageous HLA class I molecules impose stronger selection pressures than those restricted by other HLA
class I alleles. As a measure of the selection pressure imposed by HLA class I alleles, we determined the extent
of HLA class I-associated epitope variation in a cohort of European human immunodeficiency virus (HIV)-
positive individuals (n � 84). We validated our findings in a second, distinct cohort of African patients (n �
516). We found that key HIV epitopes restricted by advantageous HLA molecules (B27, B57, and B51 in
European patients and B5703, B5801, and B8101 in African patients) were more frequently mutated in
individuals bearing the restricting HLA than in those who lacked the restricting HLA class I molecule. HLA
alleles associated with clinical benefit restricted certain epitopes for which the consensus peptides were
frequently recognized by the immune response despite the circulating virus’s being highly polymorphic. We
found a significant inverse correlation between the HLA-associated hazard of disease progression and the
mean HLA-associated prevalence of mutations within epitopes (P � 0.028; R2 � 0.34). We conclude that
beneficial HLA class I alleles impose strong selection at key epitopes. This is revealed by the frequent
association between effective T-cell responses and circulating viral escape mutants and the rarity of these
variants in patients who lack these favorable HLA class I molecules, suggesting a significant pressure to revert.

Human immunodeficiency virus (HIV) is controlled by an
immune response of variable efficacy. Crucial protection is
conferred by the CD8� T-cell response as dictated by human
leukocyte antigen (HLA) class I alleles (16). However, not all
HLA class I molecules are the same. In Caucasians, HLA-B27
and -B57 delay disease progression (27); others, such as some
HLA-B35 alleles, are associated with early onset of AIDS (12).
In African patients HLA-B5703, -B5801, and -B8101 are asso-
ciated with lower viral loads (19). The mechanism behind this
differential HLA class I effect is elusive.

Immune responses to different epitopes vary in their degree
of efficacy and impact on plasma viral loads (20). In acute (3)
and chronic (31) infection, epitopes restricted by beneficial

HLA class I alleles are more frequently recognized than those
restricted by other HLA class I alleles. Responses to some
epitopes are associated with controlled viremia (18), but im-
mune responses can also be detected despite ongoing viral
replication and disease progression (17). These have been de-
scribed, respectively, as “driver” and “passenger’” cytotoxic T
lymphocytes in which the former are effective and influence
viral evolution while the latter, although detectable by gamma
interferon enzyme-linked immunospot (ELISPOT) assay, are
less effective and impose weaker selection pressure (21).

Viral mutations allow “escape” from the HLA class I-medi-
ated immune response (16). Associations between individual
HLA class I molecules and specific viral polymorphisms are
well documented (25), suggesting a widespread impact of HLA
class I on the HIV genome (34). However, the implications of
immune escape for populations remain unclear. In individual
case studies, immune escape is linked to a rise in viral load (9,
15). The simian model also implicates escape from certain
well-studied epitopes to be part of disease progression (7).
There is good evidence which contradicts the simplistic hy-
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pothesis that immune escape from CD8� T-cell responses is
inevitably followed by elevation in viral load and disease pro-
gression. Viral sequences from a group of HLA-B57-positive
patients with preserved CD4 cell counts—“elite” controllers—
reveal a high degree of immune escape in the presence of
controlled viremia (4). Reversion of escape mutants upon
transfer to a non-major histocompatibility complex class I-
matched host (22) and other evidence of fitness costs attribut-
able to these mutants (10, 23) indicate that the outcome of
adaptation to immune selection may not be wholly disadvan-
tageous to the host.

Here, we present data from a cohort of HIV-positive indi-
viduals from Switzerland (n � 84) and confirm our findings in
a second, distinct cohort of patients from southern Africa (n �
516). We show how HLA class I alleles linked with slow disease
progression are associated with very strong selection pressures
at key epitopes, which results in a high degree of variation in
HLA-matched individuals compared with their HLA-un-
matched controls. This finding holds for the slow progressor
alleles HLA-B27, -B57, -B51, and -A11 in Caucasians and for
a distinct set of molecules (HLA-B5703, -B5801, and -B8101)
linked to lower viral loads in Africans. We hypothesize that for
the protective HLA class I alleles, viral escape variants evolve
that carry heavy mutation costs, implying that the selecting
immune responses are particularly efficacious.

MATERIALS AND METHODS

Cohorts. The Swiss-Spanish Intermittent Therapy Trial (SSITT) was a study of
structured treatment interruptions in chronically HIV-infected patients, de-
scribed in detail elsewhere (8). The 516 African patients were recruited in
southern Africa, as described previously (19).

Immune responses. From the SSITT cohort, we identified 133 patients for
whom HLA class I immune responses were measured by gamma interferon
ELISPOT assays using optimal peptides for the HLA class I molecules each
patient expressed. The epitopes were described in the Los Alamos Database and
are listed in Table S1 in the supplemental material. The patients were tested for
these responses repeatedly (mean number of times tested, 16; range, 3 to 26)
over a mean of 14 months (range, 3 to 19). A positive response to an epitope was
defined as two or more responses greater than 50 spots/million cells (after
subtraction of background). Full details of the immunological responses in this
cohort are described elsewhere (28). Immune responses for the African patients
were tested using a panel of 410 18-mer peptides based on the HIV subtype C
consensus sequence spanning the HIV genome (1).

DNA amplification and sequencing. Analysis of the HIV-1 Gag, Pol, and Nef
genes encoding 54 HLA class I optimal epitopes (see Table S1 in the supple-
mental material) was carried out in 84 Swiss patients. Viral DNA was extracted
from peripheral blood mononuclear cells collected while patients were off ther-
apy. Cells were stimulated in culture for 3 days with phytohemagglutinin and
interleukin-2 as described previously (15). HIV-1 Gag, Pol, and Nef genes were
amplified by nested PCR and sequenced using ABI Big Dye terminator sequenc-
ing kits (Applied Biosystems). Sequences were aligned manually using Se-Al
software. For the African patients, sequencing was carried out from DNA using
primers specific for HIV-1 subtype C, as described previously (22). Variation was
defined in relation to the sequences of the peptides with which they were tested
in the ELISPOT assays. For the Swiss study these were the same sequence as the
laboratory reference strain HIV-1 HXB2, except for three peptides which varied
at one amino acid site each. For the African study, the reference strain was the
cohort subtype C consensus sequence from 2001, as previously described (19).

Statistics and analysis. Sequences of 54 and 70 “optimal” epitopes were
identified within the HIV Gag, Pol, and Nef genes for the Caucasian and African
cohorts, respectively. Epitope sequences were compared with the sequence of
the optimal peptide and scored in a binary manner as polymorphic or consensus.
For each epitope the cohort was divided into two groups: patients who carried
the restricting HLA class I molecule and a control group who lacked the HLA
class I molecule under study. The difference in proportions of polymorphic
epitopes in the HLA-matched and -unmatched individuals was scored as a

measure of HLA-driven variation. The proportions of epitopes containing poly-
morphisms were compared using the nonparametric Wilcoxon signed-rank test
for paired values and the Mann-Whitney test for independent values. The sig-
nificance of sites within epitopes which varied from the original optimal peptide
sequence was tested using Fisher’s exact test. Statistical analyses were carried out
using Prism 4 for Macintosh (GraphPad Software).

RESULTS

To investigate the relationship between epitope sequence
variation and HLA class I molecules in our Swiss cohort (n �
84), we studied three immunogenic genes (HIV gag, pol, and
nef) encoding 54 epitopes, defined from the Los Alamos Da-
tabase. A comparison of the proportion of epitopes with poly-
morphisms within HLA-matched and -unmatched patients
shows a statistically significant difference (median values for
HLA-unmatched and -matched epitopes, 0.328 and 0.564, re-
spectively; P � 0.0001, Wilcoxon signed-rank test) (Fig. 1A) in
favor of HLA-matched epitopes. Statistical significance re-

FIG. 1. Proportion of optimal epitopes containing polymorphisms
in HLA-matched and HLA-unmatched (control) patients. (A) For
each of the 54 HLA class I-restricted optimal epitopes in the Swiss
cohort, the proportion of variant sequences was calculated in patients
expressing the relevant HLA class I allele (matched) and in a control
group of patients not carrying that allele (unmatched). The figure
shows the distribution of variation in the matched and unmatched
groups (Wilcoxon signed-rank test). Statistical significance remained
after removal of epitopes with 100% variation from the analysis (P �
0.0007) (data not shown). (B) Epitopes were divided according to
whether they were restricted by good (HLA-A*11, -B*27, -B*51,
-B*57, and -B*58, which are associated with clinical advantage) or
other (not associated with clinical advantage) HLA class I alleles. The
proportion of variants in each group was compared using the Wilcoxon
signed-rank test.
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mained after removal of epitopes with 100% variation from the
analysis (P � 0.0029) (data not shown).

Epitopes were then segregated according to whether they
were restricted by beneficial, or “good,” HLA class I alleles
A*11, B*27, B*51, B*57, and B*58 and the “other” HLA class
I molecules. The good HLA alleles restricted epitopes which
were significantly more polymorphic in the HLA-matched pa-
tients than in HLA-unmatched controls (median values, 0.67
versus 0.32, respectively; P � 0.0003, Wilcoxon signed-rank
test). Epitopes restricted by the nonadvantageous, or other,
HLA class I alleles showed a much smaller, although statisti-
cally significant, difference in the variation in matched and
unmatched patients (median values, 0.43 versus 0.33, respec-
tively; P � 0.03, Wilcoxon signed-rank test). However, this
finding for the other HLA alleles was driven by seven epitopes
which had reached 100% variation, and their removal from the
analysis resulted in the loss of statistical significance (P �
0.34). This was not the case for the good alleles (P � 0.0006).

To avoid the subjectivity of nominating good and other HLA
class I alleles, sequence variation among all 54 optimal
epitopes was analyzed. Figure 2A plots each optimal epitope
according to the prevalence of polymorphisms in HLA-
matched (x axis) and HLA-unmatched (y axis) patients. The
axes intersect at (0.5,0.5) rather than (0,0) in order to define
four equal quadrants. If the selection pressure imposed by
HLA class I had minimal effect, we would expect all points to
lie near the line x � y (hashed). Any epitope lying below the
line x � y has more mutations in the HLA-matched patients
than in the HLA-unmatched control group. In the bottom right
quadrant of the plot (furthest from the line x � y) are the
epitopes that are highly polymorphic in individuals bearing the
restricting HLA and also comparatively conserved in individ-
uals who do not. It is interesting that these epitopes are almost
entirely restricted by protective HLA class I alleles, B*27,
B*57, B*51, and A*11.

Variation across the HIV genome may arise for many rea-
sons. To control for polymorphisms that result from forces
other than HLA-induced selection, we subtracted the fre-
quency of mutations in the control group of HLA-unmatched
patients from the frequency in HLA-matched patients. This
difference reflects the additional variation attributable to HLA
class I selection. Figure 2B ranks the distribution of this pa-
rameter and reveals that the majority of epitopes that show
HLA-driven variation (i.e., those that are much more common
in HLA-matched than -unmatched patients) are HLA-B alleles
associated with slow disease progression (27). Of the 10 most
polymorphic epitopes, 7, including the top 5, were restricted by
either HLA-B*27, -B*51, or -B*57. The most polymorphic
epitopes restricted by an HLA-A allele were restricted by
HLA-A*11, also associated with slow disease progression (27).

In the European cohort the epitopes that showed the great-
est degree of HLA-attributable variation were the Nef epitope
HTQGYFPDWQ (abbreviated HQ10 for the initial and final
residues and the number of residues in the epitope; Nef amino
acids [aa] 116 to 125), the HLA-B*57- and HLA-B*58-re-
stricted Gag epitope TSTLQEQIGW (TW10; p24 aa 108 to
117), the HLA-B*27-restricted Gag epitope KRWIILGLNK
(KK10; p24 aa 131 to 140), and the HLA-B*51-restricted
epitope TAFTIPSI (TI8). We found mutations similar to those
which have been reported previously (13, 15, 18, 24, 25). Spe-

cifically, the Nef HQ10 epitope was predominantly polymor-
phic at position 1 (histidine to asparagine) and was present in
only 28.8% of 45 HLA-unmatched patients but in all HLA-
B57-positive patients (odds ratio [OR], �; P � 0.0015). The
Gag TW10 epitope had mutations at positions 3 (threonine to
asparagine) and 9 (predominantly glycine to alanine) contrib-
uting to mutations in 13 out of 15 (86.7%) of the HLA-
matched patients compared with 16 out of 57 (28.3%) of the
HLA-unmatched controls (OR, 16; P � 0.0001). For the Gag
KK10 epitope, the predominant polymorphisms were at posi-
tion 2 (all arginine to lysine) and position 6 (all leucine to
methionine, except for one patient with isoleucine) (OR, 12.7;
P � 0.001). The HLA-B*51-restricted TI8, epitope which es-
capes very soon after seroconversion (11), was polymorphic
(isoleucine to threonine) at the carboxyl terminus in 7 out of 8
HLA-B*51-positive patients compared with 21 out of 57 HLA-
B51-negative patients (OR, 12; P � 0.0087). Phylogenetic anal-
ysis (CodeML in the PAML software package) identified the
threonine at position 3 in TW10, the leucine at position 6 of
KK10, and the isoleucine at position 8 of TI8 to be under
strong positive selection pressure. All mutations are detailed in
Table S3 of the supplemental material.

It is interesting that although some epitopes restricted by
beneficial HLA class I alleles show a high degree of HLA-
attributable variation, other epitopes restricted by the same
beneficial HLA alleles do not. Some epitopes are highly poly-
morphic in both HLA-matched and HLA-unmatched patients
such as Pol KW10 (B*57), Nef RI10 (B*27), and Gag TI9
(A*11) (see Table S1 in the supplemental material for se-
quences). Other epitopes restricted by beneficial HLA alleles
are highly conserved in both groups, including Gag KF11
(B*57), Pol QG13 (A*11), Nef QK10 (A*11), and Gag NI9
(B*51). These data suggest that the benefit associated with
certain HLA class I alleles may be epitope specific rather than
an HLA class effect exerted across all restricted sites. It also
suggests that there may be protective epitopes that are re-
stricted by HLA alleles which otherwise are not associated with
a generalized clinical advantage.

To confirm the observation that epitopes with the greatest
degree of HLA-attributable variation are restricted by benefi-
cial class I alleles, we turned to a distinct cohort of African
patients (n � 516). Aspects of this population have been pub-
lished previously (19). The cohort provides an opportunity to
test whether our results are sustained in a population infected
with a different HIV viral subtype (subtype C) and with a
different distribution of HLA class I alleles. The clinical benefit
associated with different HLA class I alleles has not been as
thoroughly characterized in Africa as it has in Caucasian co-
horts, so we used the distribution of HLA-associated mean
viral loads in this cohort (19) as a measure of HLA advantage.
In this population only HLA class I alleles B5703, B5801, and
B8101 have been associated, with statistical significance, with
higher CD4 cell counts and lower viral loads (19).

Sequences were obtained, as for the Swiss cohort, from the
immunogenic HIV Gag, Pol, and Nef genes. Figure 3A shows
the prevalence of polymorphisms within 70 optimal epitopes in
HLA-matched (x axis) and HLA-unmatched (y axis) African
individuals. As with Fig. 2A, if HLA class I had little effect on
polymorphism prevalence, one would expect all points to lie on
or near the line x � y (hatched). As for the Swiss data, we find
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FIG. 2. Prevalence of mutations within epitopes in HLA-matched and HLA-unmatched control patients in a Swiss cohort. (A) Patients are
from the Swiss HIV cohort (n � 84). For 54 HLA class I-restricted optimal epitopes, the proportion of variant sequences in patients expressing
the relevant HLA class I allele (matched) is plotted on the x axis, and the proportion of variant sequences in a control group of patients not carrying
that allele (unmatched) is plotted on the y axis. The axes intersect at (0.5,0.5) rather than (0, 0) in order to define four equal quadrants within the
figure. The dashed line represents x � y. Epitopes restricted by HLA-B27, -B51, -B57, -B58, and -A11 are color coded and labeled. All other
epitopes are represented as numbered blue dots (see Table S1 in the supplemental material for a key to this labeling). (B) The difference between
the proportions of polymorphic epitopes in the HLA-matched and -unmatched Swiss patients was calculated and plotted according to rank. To
highlight the dominant contribution of the protective HLA class I alleles HLA-B57 and -B58, HLA-B27, HLA-B51, and HLA-A11, these epitopes
are color coded; all other epitopes are represented in blue. An asterisk above a column indicates a P value of �0.05 for the distribution of variant
epitopes in HLA-matched and -unmatched populations for each epitope using Fisher’s exact test.
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FIG. 3. Prevalence of mutations within epitopes in HLA-matched and HLA-unmatched control patients in an African cohort. (A) Patients are
from the African HIV cohort (n � 512). For 70 HLA class I-restricted optimal epitopes, the proportion of variant sequences in patients expressing
the relevant HLA class I allele (matched) is plotted on the x axis, and the proportion of variant sequences in a control group of patients not carrying
that allele (unmatched) is plotted on the y axis. The axes intersect at (0.5,0.5) rather than (0,0) in order to define four equal quadrants within the
figure. The dashed line represents x � y. The epitopes restricted by HLA-B5703, -B5801, and -B8101 are color coded and labeled. All other
epitopes are represented as numbered blue dots (see Table S2 in the supplemental material for a key to the numbering). (B) The difference
between the proportions of polymorphic epitopes in the HLA-matched and -unmatched African patients was calculated and displayed according
to rank. To highlight the dominant contribution of the protective HLA class I alleles HLA-B5703, HLA-B5801, and HLA-B8101, these epitopes
are color coded as shown; all other epitopes are represented in blue. An asterisk above a column indicates a P value of �0.05 for each epitope
using Fisher’s exact test.
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a cluster of epitopes in the lower right quadrant lying furthest
from the line x � y that are highly polymorphic in hosts bearing
the restricting HLA but conserved in unmatched controls.
These were Gag TSTLQEQIAW (Gag TW10; B*5703 and
B*5801), Pol SPIETVPVKL (Pol SL10; B*8101), Gag TPQD
LNTML (Gag TL9; B*8101), Nef RPQVPLRPM (Nef RM9;
B*8101), and Gag KAFSPEVIPMF (Gag KF11; B*5703).

For Gag TW10, patients who carried HLA-B*5703 or
-B*5801 were more likely to have a polymorphism at position
3 from threonine to asparagine, often in conjunction with a
second polymorphism at positions 5, 8, or 9. (P � 0.00001; OR
of 51.4 for B*5703 and a P value of �0.0001; OR of 8.12 for
B*5801). In patients with B*8101, the Pol SL10 epitope was
more likely to be polymorphic at positions 2 (predominantly
proline to serine) and 4 (predominantly glutamic acid to lysine)
(P � 0.00001; OR, 20.4), the Gag TL9 epitope was variant at
positions 3 (predominantly glutamine to serine) and 7 (pre-
dominantly threonine to serine) (P � 0.00001; OR, 8.86), and
the Nef RM9 epitope was mostly variant at position 6 (pre-
dominantly leucine to valine) (P � 0.00001; OR, 9.1). All
mutations are detailed in Table S3 in the supplemental mate-
rial. As previously described (33) the Gag epitope KF11 is
highly variant in the African cohort when restricted by B*5703
but highly conserved in the European B*5701 positive cohort.

As with the European cohort, it is striking that these
epitopes are also predominantly restricted by the HLA class I
molecules associated with clinical benefit. Figure 3B ranks
epitopes according to HLA-attributable variation (the differ-
ence in proportions of variability in HLA-matched and -un-
matched individuals) and shows that of the eight most variable
epitopes, seven are restricted by HLA class I alleles associated
with benefit in this African cohort.

We next sought to determine whether there was also a dif-
ferential relationship between the immune response to an
epitope and its degree of polymorphism. Turning back to the
European cohort, each of the 54 epitopes was plotted accord-
ing to its frequency of recognition in a gamma interferon
ELISPOT assay (x axis) and its HLA-attributable degree of
genetic variability (the difference in the proportion of variants
in the HLA-matched and HLA–unmatched patients) (y axis)
(Fig. 4A). The axes of the plot intersect at the median value for
each distribution. In this figure epitopes which were frequently
recognized in a gamma interferon ELISPOT assay are found
on the right-hand side. Epitopes that were more polymorphic
in HLA-matched hosts are found in the upper half of the plot.
Accordingly, the upper-right quadrant of the plot shows
epitopes with both high degrees of polymorphism and high
frequency of ELISPOT recognition. This quadrant predomi-
nantly contains epitopes restricted by the protective HLA class
I alleles such as HLA-B27, -B57, and -B58 and HLA-A11.

These data can be also be presented as a score for each
epitope which uses the mathematical product of the difference
in proportions of intraepitopic mutations and the frequency
with which each epitope was recognized by patients carrying
the restricting HLA class I molecule. This allowed us to rank
epitopes which are well recognized in conjunction with high
levels of polymorphism (Fig. 4B). It is interesting that of the
top 10 epitopes in Fig. 4B, 9 are restricted by HLA-B27, -B57,
or -B58 or HLA-A11. These are protective HLA class I alleles.

For each patient in the Swiss cohort, the proportion of all

polymorphic epitope sequences in the Gag, Pol, and Nef genes
(regardless of HLA type) was calculated and correlated with
the baseline pretherapy viral load (Fig. 5A). We find a statis-
tically significant correlation between lower plasma viral loads
and higher proportions of mutated epitope sequences (P �
0.016; r � �0.26, Pearson’s correlation). Next, we calculated
the mean value of epitope variability for each HLA class I
molecule by averaging the differences between the frequencies
of polymorphisms (defined as variant from the population con-
sensus sequence) in epitopes in the HLA-matched and -un-
matched patients. Again, we found a statistically significant
negative correlation between the mean prevalence of intra-
epitopic polymorphisms and mean baseline plasma HIV-1 viral
load for each HLA class I molecule (P � 0.023; R2 � 0.36)
(data not shown). This result supports the assertion that strong
selection pressures produce viral escape variants with reduced
replicative capacity, although this latter analysis did not survive
correction for pseudo-replication. We also found a significant
inverse correlation between the mean epitope variability for
each HLA class I allele and the HLA-associated relative haz-
ard of disease progression (27) (P � 0.028; R2 � 0.34) (Fig.
5B), confirming that beneficial HLA class I alleles are associ-
ated with a greater prevalence of epitope variation.

DISCUSSION

Why HLA class I molecules confer distinct rates of progres-
sion to AIDS is unclear. Here, we show that some epitopes
restricted by HLA alleles associated with clinical protection
are frequently recognized in gamma interferon ELISPOT as-
says and are highly polymorphic in patients bearing the re-
stricting HLA class I but more conserved in individuals who do
not. In the Swiss cohort these epitopes were predominantly
restricted by HLA-B27, -B51, -B57, and -B58, and in a much
larger African cohort with a different HLA class I distribution
we found these epitopes to be restricted by B5703, B5801, and
B8101. The epitopes identified using the plots in Fig. 2, 3, and
4 are a subset of those targeted by beneficial HLA class I
alleles and fulfill the criteria of driver responses (21).

Why are the epitopes that are associated with protective
immune responses more polymorphic in HLA-positive hosts
than in the HLA-negative controls? We suggest that beneficial
HLA class I molecules impose stronger selection pressure on
the virus so that immune escape variants with high viral fitness
costs are selected. Fitness costs associated with escape have
recently been shown for the HLA-B57- and -B5801-restricted
Gag TW10 epitope (23). We hypothesize that immune escape
associated with a substantial fitness cost results in lower viral
loads than escape from a weaker immune pressure which ex-
acts less cost to the virus. There is a precedent for this in the
field of antiviral drug resistance. Some patients who develop
multidrug resistance mutations do not experience extensive
viral load rebound and clinical disease progression but, rather,
maintain stable CD4 cell counts in combination with a low-
grade viremia (5, 6). This is directly comparable with our hy-
pothesis, except that the HLA class I-restricted immune re-
sponse rather than drug therapy is the positive selection
pressure and the outcome is immune escape rather than drug
resistance. We along with others (31, 32) have previously re-
ported frequency-dependent selection in relationship to HLA
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FIG. 4. Frequency of epitope recognition by ELISPOT and prevalence of intraepitopic polymorphisms. (A) Each optimal epitope was
represented on a plot according to the proportion of patients who recognized it in a gamma interferon ELISPOT assay (x axis) and the difference
in proportions of polymorphic sites in the HLA-matched and -unmatched patients (y axis). The axes intersect at the median value for each
distribution. Epitopes restricted by protective (HLA-B27, -B57, -B58, and -A11) HLA class I molecules are labeled (restricting HLA class I allele
and epitope abbreviation) and color coded. All other alleles are represented in blue and are numbered (a key to the numbering is available in Table
S1 of the supplemental material). (B) A score was calculated for each epitope based on the product of the proportion of times it was recognized
in an ELISPOT assay and the difference in proportion of variant sequences in HLA-matched and -unmatched patients. This quality score is
presented plotted in order of rank. The epitopes restricted by HLA-B57 and -B58, HLA-B27, HLA-B51, and HLA-A11 are color coded; all other
epitopes are represented in blue.
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class I advantage. The finding here that beneficial alleles are
associated with a higher degree of viral mutation suggests that
the advantage conferred by rare alleles is not simply related to
the low frequency of escape variant transmission.

Why is it that, despite being more variant in HLA-matched
hosts, epitopes restricted by beneficial HLA alleles are recog-
nized with greater frequency than those restricted by less ad-
vantageous HLA alleles? Firstly, even when polymorphisms
that confer immune escape approach or reach fixation in pe-
ripheral blood, wild-type forms persist at low levels and the
CD8� T-cell capacity to recognize the nonmutant epitope will
be sustained (2, 4, 7, 24, 29). This repeated antigenic stimulus
would explain the persistence of cytotoxic T cells that can
recognize the wild-type optimal peptide and, in turn, maintain
selection pressure for HIV escape variants. A second explana-

tion for sustained immunity is T-cell memory. Despite the
appearance and evolution of viral escape, T-cell clones that
recognize the original sequence persist in the host and can be
identified by T-cell receptor motifs (26, 30). These clones may
decay in frequency but will be maintained through intermittent
exposure to the original wild-type viral variants (29, 30), as they
are in other chronic viral infections (14).

We also found that not all the epitopes restricted by bene-
ficial HLA class I alleles showed this pattern of discordant
variation in the HLA-matched and -unmatched groups. This
suggests that the clinical benefit conferred by specific immune
responses is not just HLA specific but also dependent on the
gene being targeted and possibly even the position of the
epitope within the gene. This would fit with previous data
showing an HLA-independent advantage conferred by im-
mune responses to Gag epitopes (20). Another explanation
could be that the variant epitopes had escaped immune recog-
nition and that subdominant conserved epitopes had become
the focus of the immune response. The interplay between
responses to different epitopes within and across HLA alleles
is clearly complex. Although subdominant responses are likely
to become important as escape develops, we did not see in
the longitudinal ELISPOT analyses from the SSITT cohort
any clear patterns of sequential epitope selection (data not
shown). It seems more likely that at some epitopes restricted
by beneficial HLA class I alleles, the sequence conservation
reflects a weak selection pressure, and so escape variants are
not driven out.

We conclude that the clinical advantage conferred by favor-
able HLA class I molecules is a reflection of the potent selec-
tion pressure exerted at key, dominant epitopes. We suggest
that these are the epitopes which elicit effective driver re-
sponses, compared with passenger responses—epitopes to
which a strong ELISPOT response does not correlate with
protection. These protective epitopes are associated with a
high prevalence of variation in combination with a strong pro-
pensity to revert. Circulating escape mutants persist in patients
with good HLA class I molecules but are not associated with
the rebound viremia and the clinical progression associated
with less costly escape. This has implications for vaccine design
as the emergence of immune escape is not necessarily a har-
binger of failure of viral control.
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