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Much uncertainty still exists over what T-cell responses need to be induced by an effective human immu-
nodeficiency virus (HIV) vaccine. Previous studies have hypothesized that the effective CD8™ T-cell responses
are those driving the selection of escape mutations that reduce viral fitness and therefore revert posttrans-
mission. 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 = —0.56, P =
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 = —0.67, P = 0.0047). However,
critically, both these correlations were dependent solely on the polymorphisms identified as reverting. There-
fore, 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 immuno-
deficiency virus (HIV) vaccine (34, 43) has emphasized the
urgent need to refocus on the question of what T-cell re-
sponses 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 domi-
nated, in both acute and chronic infections, by CD8* T cells
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(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 immu-
nodeficiency 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 associ-
ated 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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The aim of the present study was therefore to address the
roles of HLA-C and Pol-specific responses, and also that of
HLA-mediated selection of viral escape mutants that revert
posttransmission, in the immune control of HIV. HLA-C-re-
stricted CD8™ T-cell responses have been much understudied
compared to HLA-A and HLA-B (16). Furthermore, CD8™
T-cell responses to Pol have been less well studied than Gag
and Nef, so it was critically important to employ methodology
free of any bias that would result from studying associations
that fall only within previously defined epitopes. The approach
adopted therefore incorporates no such assumptions.

We employed a refined method that appropriately takes into
account factors including multiple tests, viral sequence relat-
edness, and linkage disequilibrium between different HLA
class I molecules and that can also detect identical HIV amino
acid polymorphisms associated with distinct HLA class I mol-
ecules. In particular, this analysis also uses statistical method-
ology to identify mutations likely to revert following transmis-
sion to an HLA-mismatched recipient. We analyzed viral Gag,
Pol, and Nef sequences from 710 study subjects with HIV
infection from Durban, South Africa, and CD8" T-cell re-
sponses to all HIV proteins in 681 study subjects from the same
cohort.

MATERIALS AND METHODS

Patient cohorts. Seven hundred ten treatment-naive adults with C-clade HIV
infection were recruited from Durban, South Africa, following voluntary coun-
seling and testing in either antenatal or outpatient clinics as previously described
(23). Viral loads and CD4 counts were available for 681 of these study subjects.
Viral load was measured with the Roche Amplicor version 1.5 assay, and the
CD4 count was measured by flow cytometry. The median viral load of this cohort
was 37,200 HIV RNA copies/ml plasma (interquartile range, 6,485 to 133,500),
and the median CD4 count was 387 cells/mm? (interquartile range, 257 to 520).
High-resolution HLA typing was undertaken with genomic DNA by single-
stranded conformation polymorphism PCR (5). In a minority of instances, res-
olution only to two-digit types was possible. HLA-associated polymorphisms
were sought by using both two- and four-digit HLA types. This study was ap-
proved by the University of KwaZulu-Natal Review Board, the Oxford Research
Ethics Committee, and the MGH Review Board.

Enzyme-linked immunospot (ELISPOT) assays. CD8" T-cell responses were
determined for 681 subjects from this cohort. As previously described, 410
18-mer peptides, spanning the HIV proteome, were synthesized based on the
2001 C-clade consensus sequence (23) and were used in a matrix system of 11 or
12 peptides/pool to screen subjects for HIV-specific T-cell responses by gamma
interferon (IFN-y) ELISPOT assay (22, 23).

Sequencing of proviral DNA and viral RNA. Genomic DNA was extracted
from peripheral blood mononuclear cells and amplified by nested PCR as pre-
viously described (26). Regions of the virus that were amplified with previously
published primers (26) were Gag, Pol, and Nef. The PCR product was purified
by polyethylene glycol precipitation and sequenced directly. Sequencing was
undertaken with the Big Dye ready reaction termination mix (V3) (Applied
Biosystems) as previously described (26, 27). In this way, viral Gag, Pol, and Nef
sequences were obtained from 616, 446, and 436 study subjects, respectively. In
addition, viral sequencing from plasma RNA was undertaken as previously de-
scribed (39). RNA was extracted from plasma, reverse transcribed, and amplified
by nested PCR; the amplified HIV type 1 genome was then purified, cloned, and
sequenced. In this way, viral Gag, Pol, and Nef sequences were obtained from 57,
15, and 7 study subjects. Thus, from the total of 710 study subjects, we generated
673 Gag, 461 Pol, and 443 Nef sequences.

Identification of HLA class I associations with HIV amino acid sequence
polymorphisms. An extension of method two described by Bhattacharya et al. (2)
was used to identify HLA-I associated HIV polymorphisms. In contrast to earlier
studies (33), this approach was refined in order to optimize the detection of true
HLA associations with HIV sequence polymorphism (2, 6, 14). First, our ap-
proach corrected for the phylogenetic structure of the sequences. Second, we
computed P and g values for every association; a g value is used to correct for
multiple comparisons by calculation of a false detection rate. Third, we sought to
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correct for linkage disequilibrium between HLA alleles by inclusion of multiple
HLA predictors, allowing for the elimination of spurious associations.

For each protein analyzed, a maximum-likelihood phylogenetic tree was con-
structed from the corresponding sequences. For every HLA allele, amino acid
position, and amino acid at that position, two generative, or directed graphical,
models of the observed presence or absence of the amino acid in each sequence
were created—one representing the null hypothesis that the observations are
generated by the phylogenetic tree alone and the other representing the alter-
native hypothesis that additional escape or reversion takes place due to HLA
pressure in the subjects for which the sequences are observed. The likelihood of
the observations was then maximized over the parameters of both models with an
expectation maximization algorithm, and a P value was computed with a likeli-
hood ratio test based on those likelihoods. To increase power, the tests were
made binary such that the presence or absence of a given HLA allele was
correlated with the presence or absence of a given amino acid. In addition, HLA
polymorphism pairs were analyzed only when the actual or expected count in
every cell of the corresponding two-by-two contingency table was greater than or
equal to three. (The number three was chosen by optimizing power on another
data set.) For every amino acid at each position, the HLA allele with the
strongest association (and its corresponding P value) was added to the list of
identified associations. The analysis was then repeated after removing individuals
having or possibly having this HLA allele. This procedure was iterated until no
HLA allele yielded an association with a P value of less than 0.05. By this
approach, the model accounts for the potential overlap of HLA associations at
a given residue due to clustering of epitopes.

A q value statistic, estimating the proportion of false positives among the
associations identified, was computed for each association by repeating this
analysis on null data (generated by permuting the HLA data). The g value
statistics were estimated separately for Gag, Pol, and Nef associations by using
1,000,000 null tests per protein. We corrected for multiple comparisons by using
both ¢ < 0.05 (estimating 5% false positives) and g < 0.2 (estimating 20% false
positives).

Some sequences contained gaps, and in order to maximize the data, sequence
alignments were undertaken by using separate phylogenetic trees for pl7 (n =
598), p24 (n = 666), and p15 Gag (n = 433) and for the following fragments
within Pol: nucleotides 1 to 969 (n = 394), nucleotides 970 to 2208 (n = 417), and
nucleotide 2209 to the end (n = 262). Nef was analyzed as a single fragment (n =
443). Sequences were aligned by Se_Al. The total number of amino acid residues
analyzed was 541 for Gag, 1,044 for Pol, and 225 for Nef, including insertions.

This analysis revealed statistical associations between HLA class I expression
and HIV sequence polymorphisms, which we used to infer the biological pro-
cesses of escape and reversion. “Escape” describes amino acid selection away
from consensus in the presence of a specific HLA allele, and “reversion” de-
scribes amino acid selection toward consensus in the absence of a specific HLA
allele. Using methodology previously described (2), this model detects escape as
a statistical association between the expression of a particular HLA allele with
either (i) a decrease in the number of the consensus amino acid or (ii) an
increase in the number of a variant amino acid. Within the category of escape
polymorphisms, we also included negative associations, whereby the presence of
an HLA allele is associated with consensus. These associations may arise in the
context of escape mutations that do not revert, such that the wild type is even-
tually replaced by the HLA-selected variant and a new population consensus is
established (26, 33).

Reversion was detected statistically by association between the absence of a
particular HLA allele with either (i) an increase in the number of the consensus
amino acid or (ii) a decrease in the number of the variant amino acid. These
associations suggest that a mutation selected by a particular HLA type returns to
consensus following transmission to an HLA-mismatched host due to a fitness
cost imposed by the mutation.

When two alleles are in linkage disequilibrium and only one is actually asso-
ciated with a polymorphism, the algorithm sometimes assigned the effect to the
wrong allele by chance. To correct for this effect, if one of the alleles was
associated with a polymorphic residue contained within a described epitope
(listed by HIV immunology databases at http://www.hiv.lanl.gov or by Kiepiela et
al. [23]) but the other was not, then the first allele was designated as the
associated HLA type.

Identification of HLA class I associations with 18-mer peptide recognition.
Associations between the recognition of individual 18-mer peptides and the
expression of particular HLA class I alleles was sought with Fisher’s exact test as
previously undertaken (23). For each peptide recognized, a comparison was
made of the number of subjects with or without a particular HLA allele who
showed recognition of the peptide versus those with or without that HLA allele
who did not show recognition of that peptide. All 65 HLA class I alleles ex-
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TABLE 1. HLA-A class I frequencies, median viral loads, and numbers of HLA-associated polymorphisms at g < 0.05
HLA class I allele Phenotypic frequency Median viral load No. of HLA-associated polymorphisms at g < 0.05
or statistical parameter of allele (%) for allele Gag Pol Nef
A*0101 4.71 22,100 1 0 0
A*0201 6.42 20,000 0 0 0
A*0202 2.14 32,250 0 0 0
A*0205 7.85 24,250 0 0 0
A*0301 7.56 53,650 0 0 0
A*2301 13.55 29,300 0 0 1
A*2402 5.28 38,950 0 0 1
A*26(01) 2.14 35,850 0 0 0
A*2902 1.57 28,150 0 0 0
A*3001 16.12 32,700 0 0 0
A*3002 13.55 55,550 0 1 0
A*3004 2.85 57,650 0 0 0
A*32(01) 1.00 24,100 0 0 0
A*33 3.85 33,800 0 0 0
A*34(02) 4.99 40,900 0 1 0
A*3601 0.86 32,500 0 0 0
A*4301 4.56 38,200 0 0 0
A*6601 5.85 37,750 0 0 0
A*6602 1.14 73,100 0 0 0
A*6801 5.85 72,600 0 0 0
A*6802 16.83 41,000 0 0 0
A*74 9.70 8,180 1 1 1
A*8001 1.14 74,500 0 0 0
Total 2 3 3
Correlations”
Whole data set r=-047, P = 0.03 r=0.00,P=1.0 r=-025P =024
Reverting sites r = —0.35,P = 0.098 r=0.23,P =030 r=—-019, P = 040
Nonreverting sites r=-029, P =0.18 r=—0.16, P = 0.46 r=—0.16, P = 0.46

¢ Values indicating significant differences are underlined.

pressed at a phenotypic frequency of =0.5% were included in the analysis (23
HLA-A, 25 HLA-B, and 17 HLA-C alleles; Tables 1, 2, and 3). To correct for
multiple comparisons, the conservative Bonferroni correction was used in order
to make this analysis comparable to previous studies (23). Thus, associations of
0.05 > P > 0.00075 were lost following correction for the 65 alleles analyzed. We
also repeated this analysis by computation of ¢ values in place of the Bonferroni
correction. A g value of 0.016 (corresponding to a P value of 0.00075 from a
univariate model) was used as the cutoff for this analysis.

RESULTS

HLA-associated HIV amino acid polymorphisms in 710
HIV-infected subjects from KwaZulu-Natal, South Africa. In
order to take account of the possibility that certain HLA class
I molecules are associated with characteristic viral set points as
a result of the selection of particular escape mutants in early
infection, we set out to determine amino acid polymorphisms
in the three most immunogenic proteins, Gag, Pol, and Nef,
that are associated with any of the 65 HLA class I molecules
expressed at a =0.5% phenotypic frequency in this cohort.

By using a novel multivariate analysis correcting for phylo-
genetic relatedness of sequences (2), for multiple tests, and for
linkage disequilibrium between HLA class I alleles and with
5% expected false positives (g < 0.05), we identified 84 asso-
ciations between the expression of particular HLA class I al-
leles and particular HIV amino acid polymorphisms; the num-
bers of polymorphisms associated with the individual alleles
are summarized in Tables 1 to 3. Overall, 61 of these polymor-
phisms (73%) were HLA-B associated. Although the majority

(58%) of the 205 epitopes targeted to a substantial level in this
cohort were also HLA-B restricted (see below), the number of
HIV amino acid polymorphisms associated with HLA-B was
nonetheless significantly higher than expected (P = 0.023
[Fisher’s exact test]). Figure 1 summarizes the data for
grouped HLA-A, HLA-B, and HLA-C alleles, including anal-
ysis with a 5% expected false-positive rate (g < 0.05; Fig. 1A
and B) and a 20% expected false-positive rate (g < 0.20; Fig. 1C
and D).

Correlation between HLA-associated polymorphisms and a
reducing viral load. We then addressed the question of
whether the number of HLA-associated polymorphisms in
Gag, Pol, or Nef is related to the median viral load for each of
the different HLA alleles. As anticipated, the number of HLA-
B-associated polymorphisms in Gag was strongly associated
with a reducing viral load (g < 0.05; r = —0.57, P = 0.0034).
The proportion of polymorphisms identified within known
epitopes restricted by the relevant HLA allele was reduced by
increasing the number of false positives included to 20% (g <
0.2; Fig. 1D), but the correlation remained unaffected (r =
—0.51, P = 0.0096; Fig. 2B). No such association was identified
between the number of HLA-B polymorphisms in Pol or Nef
and the median viral load for each allele (data not shown).
Unexpectedly, a strong correlation was also observed between
the number of polymorphisms within Pol selected by HLA-C
alleles and the median viral load for each allele, which was
again largely unaffected by the g value chosen (¢ < 0.05, r =
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TABLE 2. HLA-B class I frequencies, median viral loads, and numbers of HLA-associated polymorphisms at g < 0.05

HLA class I allele Phenotypic frequency Median viral load

No. of HLA-associated polymorphisms at g < 0.05

or statistical parameter of allele (%) for allele Gag Pol Nef
B*0702 6.70 27,900 1 1 0
B*0705 0.86 86,600 0 0 0
B*0801 8.13 56,900 0 1 0
B*13 3.14 14,650 -t — —
B*1302 1.57 23,050 0 0 0
B*1401 3.85 21,900 1 0 0
B*1402 1.14 76,200 0 0 0
B*1503 15.26 55,300 0 2 0
B*1510 17.12 51,700 1 1 0
B*1516 1.14 15,017 0 0 0
B*1801 5.56 84,900 0 2 1
B*3501 3.14 40,000 1 1 2
B*3910 4.14 23,850 2 2 0
B*41 0.71 139,000 1 0 0
B*4201 14.98 25,600 0 4 0
B*4202 2.00 109,000 0 0 0
B*4403 9.42 27,600 1 7 3
B*4501 7.85 41,000 0 0 1
B*4901 1.43 157,500 0 0 0
B*51(01) 0.71 135,500 0 0 0
B*5301 3.99 21,700 0 1 1
B*5702 2.28 15,190 3 1 0
B*5703 5.99 7,642 6 0 0
B*5801 12.41 16,700 2 1 1
B*5802 21.26 60,200 0 0 0
B*8101 11.27 12,800 3 2 1
Total 22 26 10
Correlations”
Whole data set r=—0.56, P = 0.0034 r=-029,P=0.17 r=-0.1,5P =048
Reverting sites —0.62, P = 0.0009 r=-030,P=0.14 = —-0.07,P = 0.74
Nonreverting sites r=—0.14, P = 0.51 r= —0.05 P = 0.83 r=-02,0P =034

“ Values indicating significant differences are underlined.

b — HLA-B*13 at two-digit resolution was used only to analyze ELISPOT responses; sequence analysis identified associations at four-digit resolution.

—0.67 and P = 0.005; ¢ < 0.2,r = —0.57 and P = 0.02; Fig. 2C
and D). Potential correlations between polymorphisms se-
lected by HLA-A alleles and the median viral load for the
allele were more difficult to assess, since these were so few at
low g values and did not approach significance at higher ¢
values (Table 1).

In order to establish whether the associations observed in
Gag were, in part, a consequence of the inclusion of more
sequences for Gag than for other proteins, we reduced our
pool of Gag sequences, by random selection, to 430 (equivalent
to the sequence numbers of the other two proteins) and re-
peated the lineage-corrected analysis. We found that the sig-
nificant association between the number of HLA-B responses
and the median viral set point was not weakened by this
reduction in sequence numbers (¢ < 0.05,r = —0.63 and P =
0.0007; g < 0.2, 7 = —0.59 and P = 0.002; data not shown).

The number of polymorphisms that revert following trans-
mission is correlated with a reducing viral load. Previous stud-
ies have suggested that the selection of escape mutations that
reduce the viral replicative capacity, although allowing escape
from the particular CD8" T-cell specificity, may contribute to
subsequent control through the remaining immune responses
(4, 8, 12, 21, 27, 42). Therefore, we next examined the impact
on the viral load of polymorphisms identified statistically as

“reverting” (that is, in the absence of a specific allele, the
polymorphism is absent). Reversion suggests that the mutation
occurs at a detriment to viral infectivity or replicative capacity,
such that a return to the wild type is favored when the HLA
selection pressure is removed.

We found a strong correlation between the median viral
loads of different HLA-B alleles and the number of reverting
HLA-B-associated polymorphisms in Gag (for associations at g <
0.05, r = —0.62 and P = 0.0009; Fig. 3A) but not with nonre-
verting HLA-B polymorphisms in Gag (r = —0.14 and P = 0.51;
Fig. 3C). This relationship was also confirmed for associations
with ¢ < 0.2 (Fig. 3B and D). Within Pol, there was a difference
between reverting and nonreverting HLA-B-associated poly-
morphisms (for associations at g < 0.05, [i]r = —0.30 and P =
0.14 and [ii] » = 0.05 and P = 0.83, respectively) and between
reverting and nonreverting HLA-C-restricted polymorphisms
([il» = —0.57 and P = 0.020 and [ii] » = —0.32 and P = 0.22,
respectively; Tables 2 and 3). For HLA-A-associated polymor-
phisms, the numbers are too low to justify extensive analysis
but even here there is an indication that reverting mutations
are critical to HLA-associated immune control (Table 1).
These data support the hypothesis that the escape mutations
that reduce viral fitness are those most strongly associated with
the control of viremia.
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TABLE 3. HLA-C class I frequencies, median viral loads, and numbers of HLA-associated polymorphisms at g < 0.05

HLA class I allele Phenotypic frequency Median viral load No. of HLA-associated polymorphisms at g < 0.05
or statistical parameter of allele (%) for allele Gag Pol Nef
Cw*02 18.69 50,800 0 0 0
Cw*0302 2.00 18,800 0 1 0
Cw*0304 0.29 39,700 1 0 0
Cw*04(01) 10.56 30,750 0 2 0
Cw*0501 1.14 80,800 0 0 0
Cw*0602 27.25 49,875 0 0 0
Cw*0701 17.69 33,800 0 0 1
Cw*0702 5.71 31,100 0 0 0
Cw*0704 2.00 152,500 1 0 0
Cw*0801 3.57 52,425 0 0 0
Cw*0802 3.85 44,550 0 0 0
Cw*0804 1.43 ND* 0 0 0
Cw*1203 2.85 20,700 0 1 0
Cw*1601 9.56 56,900 0 0 1
Cw*1604 1.28 22,500 1 0 0
Cw*1701 23.25 33,200 0 0 0
Cw*1801 7.70 23,200 0 1 0

Total 3 5 2
Correlations”

Whole data set r=10.087, P = 0.75 r = —0.67, P = 0.0047 r=021,P =045

Reverting sites r=033,P =021 r=—0.57, P = 0.020 r=-0.03,P =092

Nonreverting sites r=-031,P =025 r=-032,P =022 r=031,P =025

“ND, no data.

® Values indicating significant differences are underlined.

We next repeated all of our analyses with the median CD4
count rather than the viral load for each allele. Again, there
was a significant correlation between the number of HLA-
associated (g < 0.05) polymorphisms and the median CD4
count for HLA-B associations in Gag (r = 0.61, P = 0.001) that
was significant for reverting polymorphisms (r = 0.65, P =

0.0005) but not for nonreverting sites (r = 0.23, P = 0.28). As
for the viral load, there was also a significant association be-
tween HLA-C-associated polymorphisms in Pol and the me-
dian CD4 count (r = 0.65, P = 0.006).

The number of HLA-B-restricted Gag epitopes targeted is
correlated with a reducing viral load. In order to address the

TABLE 4. Sites of sequence polymorphism in HIV-1 Gag associated with host HLA-B

Protein HLA Polymorphism location® P value q value Reversion

pl7 Gag B*41 ATLYCVHEKIEVRDTKEALDK 9.41E-05 0.05

p24 Gag B*1510 [A*6802] QONLQGQOMVHQAISPRTLNAWV 3.67E-04 0.05 R
B*5702 QNLQGOMVHQAISPRTLNAWY 2.46E-08 0.00 R
B*5703 [C*0701] ONLQGOMVHQAISPRTLNAWV 2.51E-14 0.00 R
B*5702 NLQGOMVHQAISPRTLNAWVK 7.71E-05 0.01 R
B*5703 NLQGQMVHQAISPRTLNAWVK 1.62E-08 0.00 R
B*5703 [A*0202] NAWVKVIEEKAFSPEVIPMET 1.39E-15 0.00
B*5703 WVKVIEEKAFSPEVIPMFTAL 2.92E-04 0.04
B*81(01) [A*0101] EVIPMFTALSEGATPQDLNTM 4.26E-07 0.00 R
B*8101 FTALSEGATPQDLNTMLNTVG 3.59E-05 0.01 R
B*8101 SEGATPQDLNTMLNTVGGHQA 5.03E-07 0.00 R
B*5702 RGSDIAGTTSTLQEQIAWMTS 4.27E-13 0.00 R
B*5703 RGSDIAGTTSTLQEQIAWMTS 4.04E-23 0.00 R
B*5801 RGSDIAGTTSTLQEQIAWMTS 1.88E-28 0.00 R
B*5703 AGTTSTLQEQIAWMTSNPPIP 1.73E-05 0.00 R
B*35(01) MTSNPPIPVGDIYKRWIILGL 1.09E-07 0.00
B*1401 PFRDYVDRFFKTLRAEQATQD 2.54E-11 0.00 R
B*5801 FFKTLRAEQATQDVKNWMTDT 3.73E-07 0.00 R
B*4403 KTLRAEQATQDVKNWMTDTLL 3.03E-09 0.00
B*3910 LVQNANPDCKTILRALGPGAT 1.36E-04 0.01
B*0702 MTACQGVGGPGHKARVL, 6.72E-10 0.03

pl5 Gag B*3910 ONRPEPRPEPTAPPAENFRES 2.03E-04 0.00 R

“ Boldface indicates site of polymorphism (consensus amino acid listed). Underlining indicates sites of known HLA epitopes restricted by the selecting allele.
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TABLE 5. Sites of sequence polymorphism in HIV-1 Pol associated with host HLA-B

HIV SET POINT CORRELATES WITH REVERTING MUTATIONS 8553

Protein HLA Polymorphism location” P value q value Reversion
Protease B*5301 LAFPQQGGEAREFPSEQTRAN 6.62E-06 0.00
B*4403 DTGADDTVLEEINLPGKWKPK 3.13E-08 0.00
B*44(03) GADDTVLEEINLPGKWKPKMI 1.55E-04 0.04
RT B*8101 LGCTLNFPISPIETVPVKLKP 7.40E-10 0.00 R
B*8101 [Cw*18] CTLNFPISPIETVPVKLKPGM 1.53E-05 0.00 R
B*35(01) GDAYFSVPLDEGFRKYTAFTI 5.39E-07 0.00
B*1801 TAFTIPSINNETPGIRYQYNV 4.86E-05 0.05
B*0702 GWKGSPAIFQSSMTKILEPFR 1.93E-06 0.00
B*4403 QHRAKIEELREHLLKWGFTTP 9.00E-07 0.00 R
B*4201 [Cw*1701] GKLNWASQIYPGIKVRQLCKL 1.45E-07 0.00 R
B*5702 TDYWQATWIPEWEFVNTPPLV 5.49E-05 0.05
B*0801 VTDRGRQKIVSLTETTNQKTE 8.48E-07 0.00
B*18(01) TNQKTELQAIQLALDSGSEVN 1.50E-05 0.00
B*4403 AIQLALQDSGSEVNIVTDSQY 2.56E-09 0.00 R
B*39(10) [Cw*1203] ALQDSGSEVNIVTDSQYALGI 3.37E-05 0.05 R
B*3910° ALGIIQAQPDKSESELVNQII 1.81E-05 0.02 R
Integrase B*4403 LFLDGIDKAQEEHEKYHSNWR 2.28E-05 0.00 R
B*4403 FLDGIDKAQEEHEKYHSNWRA 6.04E-11 0.00 R
B*4201 AMASEFNLPPIVAKEIVASCD 4.65E-06 0.00 R
B*4201 [Cw*1701] SEFNLPPIVAKEIVASCDKCQ 1.38E-06 0.00 R
B*42(01) [Cw*1701] EIVASCDKCQLKGEAIHGQVD 3.95E-06 0.01 R
B*1510 QLDCTHLEGKVILVAVHVASG 1.64E-04 0.05
B*4403 SGYIEAEVIPAETGQETAYYT 3.01E-04 0.06 R
B*5801 [A*02] HTDNGSNFTSAAVKAACWWAG 9.77E-04 0.05 R
B*1503 [Cw*02] VKAACWWAGIQQEFGIPYNPQ 2.30E-07 0.00 R
B*1503 [Cw*02] MAVFIHNFKRKGGIGGYSAGE 2.07E-09 0.00 R

“ Boldface indicates site of polymorphism (consensus amino acids listed). Underlining indicates sites of known HLA epitopes restricted by the selecting allele.

> Optimal epitope not defined.

question of whether the association of particular HLA class I
alleles with characteristic levels of viremia relates also to the
number of Gag-specific epitopes that are targeted in chronic
infection, the HIV-specific CD8" T-cell responses were first
characterized by testing recognition in IFN-y ELISPOT assays
with a panel of peptides spanning the entire C-clade proteome.

Previously, 160 dominant CD8" T-cell responses and HLA
restrictions were defined from a study cohort of 578 subjects
(23). We repeated this analysis with the same methodology for
the extended cohort of 681 subjects described here. HLA re-
striction of the ELISPOT response was therefore determined
by statistical association, with a Bonferroni correction to take
account of multiple tests resulting from the analysis of all 65
HLA class I alleles (23 HLA-A, 25 HLA-B, and 17 HLA-C)
expressed in the study cohort at a phenotypic frequency of

=0.5%. By this approach, an additional 45 significant new
associations (in each case, P < 0.00075) between the expres-
sion of particular class I molecules and ELISPOT peptide
recognition were revealed (data not shown), making a total of
205 associations. That the Bonferroni correction is more con-
servative than the false-discovery rate approach is illustrated
by the calculation of the g value corresponding to P < 0.00075,
which is ¢ < 0.016. As described previously in the n = 578
subset of the cohort, the most immunogenic proteins identified
here were Gag (42/205, 20% of the epitopes targeted), Pol
(83/205, 41%), and Nef (22/205, 11%); 58% of the responses
were HLA-B restricted, 27% were HLA-A restricted, and 13%
were HLA-C restricted.

Since HLA-B allele expression has the strongest HLA-me-
diated influence on the viral set point (22) and the breadth of

TABLE 6. Sites of sequence polymorphism in HIV-1 Nef associated with host HLA-B

Protein HLA Polymorphism location” P value q value Reversion

Nef B*4501 AWLQAQEEEEEEGVGFPVRPQ 8.26E-09 0.00 R
B*07 [Cw*0702] EEEEGVGFPVRPQVPLRPMTY 1.02E-09 0.00 R
B*8101 VGFPVRPQVPLRPMTYKAAFD 1.78E-10 0.00 R
B*35(01) RPQVPLRPMTYKAAFDLSFFL 1.13E-07 0.00 R
B*5801 QVPLRPMTYKAAFDLSFFLKE 7.32E-06 0.00 R
B*4403 AAFDLSFFLKEKGGLEGLIYS 2.78E-07 0.00 R
B*4403 KEKGGLEGLIYSKKRQEILDL 1.89E-08 0.00 R
B*18(01) EGLIYSKKRQEILDLWVYHTQ 1.44E-09 0.00 R
B*4403 EGLIYSKKRQEILDLWVYHTQ 1.82E-08 0.00 R
B*35(01) DWQNYTPGPGVRYPLTFGWCF 6.46E-06 0.00 R
B*53(01) DWONYTPGPGVRYPLTFGWCE 1.71E-04 0.02

“ Boldface indicates site of polymorphism (consensus amino acids listed). Underlining indicates sites of known HLA epitopes restricted by the selecting allele.
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FIG. 1. Number of HIV polymorphisms associated with host HLA, derived from analysis of C-clade sequences from 710 individuals. The number of
HLA-associated HIV mutations in Gag, Pol, and Nef and the percentage of reverting sites are shown for ¢ < 0.05 (A) and ¢ < 0.2 (C). The total numbers
of HLA-associated mutations according to HLA class I restriction are shown for associations with ¢ < 0.05 (B) and g < 0.2 (D).

only Gag-specific CD8" T-cell responses was associated with a
decreasing viral load (23), we sought a correlation between the
median viral loads associated with each HLA-B allele in the
study population and the number of Gag epitopes presented by
that HLA-B allele. A significant association was indeed ob-
served (r = —0.49, P = 0.013; Fig. 4A). Even excluding the
alleles most strongly associated with the control of viremia in
this cohort, HLA-B*57 and -B*5801, which are known to
present multiple Gag epitopes, the median viral load for each
HLA-B allele remains correlated significantly with the number
of Gag epitopes presented by that HLA-B allele (r = —0.50, P =
0.018; data not shown). In contrast, no significant associations
were observed for the number of Gag epitopes presented by
HLA-A or -C alleles or for epitopes targeted within any non-
Gag protein presented by HLA-A, -B, or -C alleles (Fig. 4 B to
D; data not shown). These data support earlier findings that, of
the HLA class I alleles expressed, HLA-B alleles have the
strongest impact on the viral load (22) and that Gag-specific
responses in chronic infection are those most strongly associ-
ated with the immune control of HIV (23). However, the
stronger correlations described above in relation to the num-
ber of reverting Gag and Pol polymorphisms associated with
different HLA molecules suggest that non-HLA-B alleles and
Pol-specific responses can also make important contributions
to the immune control of HIV.

DISCUSSION

These analyses of the Gag, Pol, and Nef sequences from 710
HIV-infected subjects point to the critical aspects of the CD8™
T-cell response that are correlated with the immune control of
HIV infection. We conclude that the CD8" T-cell responses

driving immune control are those that select escape mutations
that inflict a fitness cost upon the virus and that therefore
revert posttransmission. Specifically, HLA class I associations
with the viral set point that have previously been described are
here shown to hinge on the number of reverting mutations
selected in Gag and Pol by HLA-B and HLA-C alleles. This
correlation is most clear-cut for different HLA-B alleles and
the number of reverting mutations in Gag. This association
also holds true when using the CD4 count, rather than the viral
load, as a marker of disease progression, confirming the central
role of reverting escape mutations in HIV disease progression.
Other recent studies have proposed viral fitness cost as a
possible mechanism in the control of HIV. Studies of the Gag
epitopes restricted by HLA-B*57 and -B*27, the class I mole-
cules most consistently associated with the control of viremia,
have demonstrated that the escape mutations selected substan-
tially reduce viral fitness in vitro (28, 31). A study based on
published epitopes hypothesized that “effective” CD8" T-cell
responses may be defined by their ability to select escape mu-
tations that impose a fitness cost on the virus (11). Recent
studies of early HIV infection support the findings we describe
here, indicating that transmission of viruses carrying escape
mutations within HLA-B-restricted Gag epitopes is of benefit
to the recipient and is associated with lower viral set points (7,
14). Corresponding studies of SIV infection in vaccinated Bur-
mese macaques indicated similarly that durable control is
achieved through early escape within a Gag epitope, resulting
in a fitness cost to the virus, in combination with multiple
additional Gag-specific CD8" T-cell responses (20, 30). Our
study unifies these findings and confirms the central role of
mutations that impose a fitness cost (here defined by sites
deemed to revert) in CTL-mediated control of viremia.
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FIG. 2. Relationship between the number of HLA-B-associated polymorphisms in C-clade Gag (n = 673) and Pol (n = 461) sequences and
the median viral load. The number of HIV sequence polymorphisms associated with alleles expressed at a =0.5% phenotypic frequency is plotted
against the median viral load for patients expressing that allele. Shown are HLA-B-selected mutations in Gag for ¢ < 0.05 (A) and g < 0.2 (B) and
HLA-C-selected mutations in Pol for ¢ < 0.05 (C) and ¢ < 0.2 (D). We excluded associations where a four-digit type was unknown and associations
pertaining to more than one allele at a given position (due to linkage), unless the allele responsible for the association could be determined on

the basis of a previously defined epitope with the correct restriction.

The most clear-cut correlation we show here is between
mutations selected in Gag by HLA-B. Broad Gag-specific
CD8™ T-cell responses are associated with good immune con-
trol (23), and HLA-B effects have previously been shown to
dominate the HLA-mediated influence on disease outcome in
HIV infection (22). The new data presented here support both
of these findings but also further develop our understanding of
the mechanism of these effects by highlighting the central role
of mutations that impose a fitness cost and that therefore
revert posttransmission. The biological phenomenon of rever-
sion is detected here by statistical inference based on the anal-
ysis of a large cross-sectional cohort. The HLA-B associations
with the viral set point are significantly correlated with the
number of Gag epitopes targeted, even if B*57 and B*5801 are
excluded, showing that this finding is not only mediated by the
two alleles known to have the strongest effect on the viral load.

In contrast to previous studies, these data also highlight a
potential role for mutations selected by HLA-C in Pol. Again,
reverting mutations drive the statistical association, highlight-
ing the importance of mutations that impose a cost on viral
fitness. The role of HLA-C has historically been liable to un-
derestimation, partly because the limitations of serological
HLA typing methods affected HLA-C disproportionately and
partly because of the many strong linkage disequilibrium ef-
fects between HLA-B and HLA-C. Our study has the advan-
tage of high-resolution HLA typing methods and robust cor-
rection for linkage disequilibria and is consistent with the

analysis of another large cohort that suggested HLA-C-medi-
ated effects on the suppression of viremia (9).

The observation here that there may be a potential role for
HLA-C-restricted targeting of Pol in early infection, evidenced
by HLA-C-associated escape in chronic infection, is unex-
pected, given the previous lack of evidence that HLA-C-re-
stricted responses were associated with improved immune con-
trol of HIV, even when Gag was targeted (23). It is possible
that, given the small number of reverting HLA-C-associated
mutations, the beneficial effect of these responses may be ob-
scured by the larger number of HLA-C-restricted responses
that tend not to drive selection pressure on the virus. In con-
trast, the proportion of mutations associated with HLA-B in
Gag, Pol, and Nef (58 [76%] of 76) is somewhat higher than
the proportion of CD8" T-cell responses in these proteins that
are associated with HLA-B (84 [63%] of 150; P = 0.05 [Fish-
er’s exact test]). Even more striking is the observation of rel-
atively few HLA-A-associated mutations (8 [11%] of 76) for
the number of HLA-A-restricted CD8" T-cell responses to
Gag, Pol, and Nef (41 [27%] of 150; P = 0.004 [Fisher’s exact
test]). These comparisons suggest that HLA-B-restricted
CD8" T-cell responses may be more likely to drive selection
pressure on HIV than are HLA-A- or HLA-C-restricted re-
sponses. However, in the minority of cases where HLA-A- and
HLA-C-restricted responses do drive reverting mutations,
these are also of benefit in terms of immune control.

The strong correlation between the number of reverting
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FIG. 3. Relationship between the number of HLA-B-associated polymorphisms in C-clade Gag sequences (n = 673) and the median viral load,
according to the presence or absence of reversion. The number of sites of HIV polymorphism associated with HLA-B alleles expressed at a =0.5%
phenotypic frequency is plotted against the median viral load for patients with that allele, at sites where reversion was identified (A, B) and where
no reversion was identified (C, D), for associations with ¢ < 0.05 (A, C) and ¢ < 0.2 (B, D).

mutations and a decreasing viral load may appear somewhat
counterintuitive, since escape mutations are selected only if
they are of benefit to the virus. However, the benefit may only
be significant when balanced against the risk of being elimi-
nated by the CD8" T-cell response, and several studies now
demonstrate the consequences, for both donor and recipient,
of escape mutations that reduce viral fitness (7, 8, 14, 42). In
contrast to the effect mediated by reverting sites, our data show
that “nonreverting” mutations do not contribute substantially
to a reduction in the median viral load. These are likely to be
escape mutations that do not impose a fitness cost on the virus
or where a compensatory mutation alleviates fitness con-
straints (8, 42). Mutations that do not revert can accumulate in
populations and may eventually replace the population wild
type (26). The implication of these accumulating mutations is
that, first, epitopes are potentially lost over time and no longer
contribute to CTL-mediated control and, second, that the es-
cape occurring at these sites does not confer the advantage of
reduced viral fitness. Epitope stability may therefore be an
important consideration in the selection of potential immuno-
gens for a T-cell vaccine.

The methodology used here was designed to maximize the
sensitivity and specificity with which HLA-selected polymor-
phisms were detected in a large cross-sectional cohort. The
statistical approach to the identification of reversion allowed
us to test the hypothesis that the selection of mutations that
impose a fitness cost is the mechanism underlying the estab-
lished HLA associations with viral set points. This method has

potential limitations; reversion may occur late in the course of
disease or following the selection of a rare mutation or may not
be detected due to the coexistence of compensatory mutations.
In these instances, our methodology may underestimate revert-
ing sites. Furthermore, although viral set points tend to be
characteristic of individual HLA alleles, there is still unex-
plained variance in control of viremia, and clearly, factors
other than HLA genotype also have a significant impact.

The mechanisms by which HLA-B and HLA-C specifically
mediate their effects through mutations in Gag and Pol, re-
spectively, are unknown. The marked genetic diversity of
HLA-B may account for a broad presentation of HIV epitopes,
and HLA-B-restricted epitopes are particularly enriched
within Gag. Furthermore, in the SIV model, Gag has been
shown in vitro to be the first protein presented on the cell
surface following acute infection (40). Early targeting of Gag
may enable killing of target cells before viral progeny are
produced, therefore reducing the viral load. It has been sug-
gested that high expression of HLA-C might be associated with
successful control of HIV (9). This prompts the hypothesis that
HLA-C alleles selecting reverting escape mutants in Pol might
be those expressed at high levels. The emergence of Pol as a
potentially important CD8™ T-cell target is also consistent with
recent kinetic studies that showed that both Gag- and Pol-
specific CD8" T cells may be activated by virus-infected cells
prior to Nef-mediated MHC class I downregulation (41).
Other host genetic factors may also contribute to the control of
viremia. These may be artificially attributed to HLA-mediated
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FIG. 4. Relationship between CD8" T-cell responses determined by IFN-y ELISPOT assay and the median viral load for 681 HIV-infected
individuals. The numbers of statistically significant (P < 0.00075) HLA-B-associated responses to peptides in Gag (A), Pol (B), and Nef (C) and
HLA-A-associated responses to Pol (D) are plotted against the median viral load for patients expressing that allele.

effects if they are in genetic linkage with the MHC locus.
However, a recent genome-wide study identified both HLA-
B*57 and HLA-C as the most important genetic determinants
of viral control (9).

In view of recent data highlighting the potential role of
HLA-C (9), it was essential to use an approach that did not
focus on previously characterized epitopes. Thus, we sought
associations between any polymorphism arising at any
amino acid position within Gag, Pol, or Nef with any HLA
class I allele. In this way, we could analyze the role of
HLA-C alleles, as well as gain further insight into the pat-
terns of immune control already known to be associated
with HLA-B. Critically, the method depended on appropri-
ate correction for multiple comparisons (via the calculation
of g values), for sequence relatedness (2), and for linkage
disequilibrium effects. Although the phenomena of escape
and reversion in this study are based on statistical inference,
the validity of our approach is supported by the observation
that 93% of HLA-B-associated Gag mutations fall within
known epitopes restricted by the appropriate allele (Fig. 1)
and by the identification of well-characterized sites of HLA
selection pressure.

These data may be relevant in the context of the recent
failed Merck vaccine trial (34, 43), although the reasons for the
vaccine failure are incompletely understood. One possibility is
that the breadth of induced Gag, Pol, and Nef CD8" T-cell
responses in vaccinees (a median of one response per protein)

was not sufficient to protect against transmission or to influ-
ence the viral set point in vaccinees who subsequently became
infected. The implications from this study remain that broad,
Gag-specific CD8" T-cell responses restricted by HLA-B al-
leles should be induced by a successful vaccine. However, these
data also show that targeting of Pol epitopes by HLA-C-re-
stricted CD8" T cells may contribute to improved control via
the same mechanism of selecting escape mutations that inflict
a fitness cost on the virus. Although escape by the virus from a
single epitope is almost inevitable, the induction of several Gag
and Pol responses by a vaccine would ensure that multiple
mutations would be needed to bring about escape. The data
presented here suggest that these mutations, in themselves,
may contribute to immune control via an effect on viral repli-
cative capacity. There remains an urgent need to develop vac-
cines capable of inducing a more multifaceted Gag- and Pol-
specific CD8" T-cell response in vaccinees than has hitherto
been achieved.
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