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The promiscuous presentation of epitopes by similar HLA class I alleles holds promise for a universal T-cell-based HIV-1 vac-
cine. However, in some instances, cytotoxic T lymphocytes (CTL) restricted by HLA alleles with similar or identical binding mo-
tifs are known to target epitopes at different frequencies, with different functional avidities and with different apparent clinical
outcomes. Such differences may be illuminated by the association of similar HLA alleles with distinctive escape pathways. Using
anovel computational method featuring phylogenetically corrected odds ratios, we systematically analyzed differential patterns
of immune escape across all optimally defined epitopes in Gag, Pol, and Nef in 2,126 HIV-1 clade C-infected adults. Overall, we
identified 301 polymorphisms in 90 epitopes associated with HLA alleles belonging to shared supertypes. We detected differen-
tial escape in 37 of 38 epitopes restricted by more than one allele, which included 278 instances of differential escape at the poly-
morphism level. The majority (66 to 97%) of these resulted from the selection of unique HLA-specific polymorphisms rather
than differential epitope targeting rates, as confirmed by gamma interferon (IFN-vy) enzyme-linked immunosorbent spot assay
(ELISPOT) data. Discordant associations between HLA alleles and viral load were frequently observed between allele pairs that
selected for differential escape. Furthermore, the total number of associated polymorphisms strongly correlated with average
viral load. These studies confirm that differential escape is a widespread phenomenon and may be the norm when two alleles
present the same epitope. Given the clinical correlates of immune escape, such heterogeneity suggests that certain epitopes will

lead to discordant outcomes if applied universally in a vaccine.

ariation within the highly polymorphic major histocompati-

bility complex (MHC) region is the primary genetic compo-
nent linked to immune control of HIV-1 (27, 39). This effect is
due almost entirely to specific HLA-I alleles, many of which have
been previously linked with rates of HIV disease progression in
molecular epidemiology studies (22, 24, 33, 42, 44). HLA-I asso-
ciated immune control of HIV is mediated by CD8* T cells, which
recognize viral epitopes presented by HLA-I proteins on the sur-
faces of infected cells. HIV-1, however, is able to evade recognition
by HLA-restricted CD8™ T cells through the selection of immune
escape mutations (32, 63).

Recently, HLA-restricted immune escape pathways were sys-
tematically identified through population-level analyses of linked
HLA class I and HIV sequence data sets, yielding detailed “im-
mune escape maps”~ of the HIV-1 proteome (14-16, 19, 60, 65).
The discovery that immune escape pathways are generally predict-
able based on the host HLA repertoire represents a major step
forward in HIV vaccine research (1, 18); however, substantial dif-
ferences in the probability of escape have been observed between
populations (4, 19, 41), between individuals (58, 67, 80), and even
between members of the same HLA allelic family (41, 50). Achiev-
ing a deeper understanding of the host correlates of immune es-
cape is therefore of utmost importance to T-cell-based HIV-1 vac-
cine design.

HLA class I peptide binding specificities are largely defined by
polymorphisms in the peptide-binding groove of the HLA mole-
cule (6, 7, 70). HLA alleles with similar sequences in the binding
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groove therefore tend to bind similar or even identical peptides,
which allows HLA alleles to be grouped into families, or “super-
types,” based on shared peptide presentation (17, 71, 72). A large
number of HLA-restricted CD8" T-cell epitopes have been opti-
mally defined in HIV-1 (52), and vaccine strategies based on the
design of universal “supertope” immunogens have been proposed
as a method to elicit broad immune responses using a limited
number of epitopes (70, 72). However, despite these common
patterns, substantial caveats remain. Although some epitopes dis-
play promiscuity of HLA binding (29), meaning that they can be
presented by a variety of HLA-I alleles, both within (17, 29, 66, 76)
and between (29, 54, 66) HLA supertypes, the frequency of
epitope targeting and/or mutational escape may vary depending
on which HLA allele presents the epitope. For example, members
of the B7 supertype exhibit vastly different escape and functional
characteristics despite similar epitope targeting frequencies (50),
while members of the B58 supertype exhibit very different target-
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ing frequencies (2, 46, 53, 57). Perhaps as a result of restricting
different epitopes (25, 45, 46), or differential escape within com-
monly restricted epitopes (40), members of both the B7 and B58
supertypes have discordant associations with viral control (44,
49). More broadly, comparative studies of immune escape across
cohorts, ethnicities, and geographic regions have revealed that
alleles of the same supertype or type (formerly referred to as a
two-digit allele group) are not always associated with the same
immune escape patterns (41), and identical alleles may select dif-
ferent escape patterns in different ethnic groups (4). Taken to-
gether, these studies suggest that CD8™ targeting frequency and
risk of immune escape are highly dependent on the genetic con-
text in which the epitope is presented, a result that may have pro-
found consequences for subsequent viral control. In this study, we
explored in detail the relationship between HLA allele carriage (at
the subtype level) and the risk of immune escape in HIV-1 and the
ability to control viral replication.

Systematic analysis of context-dependent immune escape has
been limited by a lack of appropriate statistical tools. Studies to
date have relied on comparative analyses of HLA-associated poly-
morphisms identified in different HIV-1 cohorts worldwide (4,
41), an approach that is error prone due to high false-negative
rates and statistical power that varies based on HLA allele fre-
quency and cohort sample size. We therefore developed a statisti-
cal approach to compare the magnitude of immune selection
pressure (and thus by extension the risk of immune escape) on a
given HIV codon, in different host genetic contexts. We then ap-
plied this method to a population-based data set of linked CD8™"
T-cell responses, HLA class I subtypes, and HIV sequences from
southern Africa, to investigate the patterns and genetic correlates
of immune escape within all optimally defined CD8* T-cell
epitopes in HIV-1 Gag, Pol, and Nef. Using this method, we iden-
tified members of the same HLA supertype that restrict the same
optimally defined epitopes, as evidenced by the presence of HLA-
associated polymorphisms at the population level (5, 9). We then
systematically tested for differential selection among members of
the same HLA supertype that restrict the same epitope. Finally, we
explored the potential effects of differential selection on plasma
viral load.

MATERIALS AND METHODS

Study subjects. We studied 2,126 chronically HIV-1 subtype C-infected,
antiretroviral-naive adults from five established African cohorts, includ-
ing subjects in (i) Durban, South Africa (n = 1,218) (49, 56), (ii) Bloem-
fontein, South Africa (n = 261) (38), (iii) Kimberley, South Africa (n =
31) (55), and (iv) Gaborone, Botswana (n = 514) (69), and (v) southern
African subjects attending outpatient HIV clinics in the Thames Valley
area of the United Kingdom (# = 102), originating from Botswana, Ma-
lawi, South Africa, and Zimbabwe (55). Ethics approval was granted by
the University of KwaZulu-Natal Biomedical Research Ethics Committee
and the Massachusetts General Hospital Review Board (Durban cohort);
the University of the Free State Ethics Committee (Kimberley and Bloem-
fontein cohorts); the Office of Human Research Administration, Harvard
School of Public Health and the Health Research Development Commit-
tee, Botswana Ministry of Health (Gaborone cohort); and the Oxford
Research Ethics Committee (Durban, Kimberley, and Thames Valley co-
horts). Study subjects from all cohorts gave written informed consent for
their participation.

High-resolution sequence-based HLA typing was performed as previ-
ously described (55). For the present study, all HLA alleles that could not
be resolved to the subtype level were considered missing (2,919 of 14,486;
20.2%). HLA supertype, type, and subtype frequencies are shown in Table
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S1 in the supplemental material. Population sequences of HIV-1 pro-
viral DNA-derived gag (p17+p24, n = 1,327), pol (protease, n = 865;
reverse transcriptase, n = 905; integrase, n = 344), and nef (n = 738)
were obtained (see Table S2 in the supplemental material), as previ-
ously described (55).

Viral load in chronic infection was measured using the Roche Am-
plicor version 1.5 assay, and CD4™ T cell counts were measured by
flow cytometry, as previously described (55). Individuals with <2,000
viral copies/ml plasma and >250 CD4 ™" T cells/mm? were defined as
viremic controllers. Due to the geographic heterogeneity of the
Thames Valley cohort, this cohort was excluded from viral load anal-
yses. Viral load and high-resolution HLA typing were available for
1,870 individuals from the remaining cohorts.

Phylogenetically corrected odds ratio. To allow us to quantify and
compare the strength of selection pressure exerted by a particular HLA
allele on a given HIV-1 codon, we adapted standard logistic regression
techniques to take into consideration underlying evolutionary relation-
ships between the HIV-1 sequences in the data set, yielding a statistic we
call the “phylogenetically corrected odds ratio” of escape, which measures
the strength of selection exerted by an HLA allele on a given polymor-
phism.

Logistic regression is a model used for predicting the probability of
occurrence of a binary event, making it useful for modeling the probabil-
ity of observing particular viral amino acids as a function of various pre-
dictors (such as HLA alleles or viral load). For this reason, logistic regres-
sion was used in the first population-level immune escape study (60). The
model can be described as follows. Suppose we are interested in the prob-
ability of seeing a particular amino acid at a particular position, for exam-
ple, 242N in HIV-1 Gag. If Pis the probability of observing 242N, then the
odds of observing 242N are P/(1 — P). Logistic regression models the log
of the odds (log-odds) as a linear function of predefined predictors. For
example, if we assume that the odds of seeing 242N depend on whether an
individual expresses HLA allele X or Y, then In(P/(1 — P)) = aX + bY +
¢, where X and Y are taken to be 0/1 binary variables and a, b, and c are
scalar parameters whose values are chosen so as to maximize the likeli-
hood of the data. Conveniently, the maximum likelihood parameters have
intuitive interpretations: ¢ represents the log-odds of observing 242N
among individuals who express neither X nor Y, and a is the log-odds ratio
of 242N among individuals who express HLA X compared to individuals
who do not express X (and similarly for band Y). A positive log-odds ratio
(a > 0) indicates that 242N is more likely to be observed among individ-
uals expressing the allele than among those not expressing the allele, while
a negative log-odds ratio (a < 0) indicates the opposite. Thus, if a typical
escape is T242N mediated by X being B*57:03, then we would expect to see
a negative weight when computing the odds of T and a positive weight
when computing the odds of N.

Although logistic regression is broadly applied in biomedical research,
it can yield surprisingly high false-positive and false-negative rates when
applied to viral sequences, which share an evolutionary relationship (11,
21). This problem can be circumvented in the special case where the
transmitted virus sequence is known; however, in the vast majority of
cases, the transmitted viral sequence is unknown. To get around this issue,
we perform maximum-likelihood phylogenetic reconstructions of the
HIV-1 sequences observed in the data set (one maximum likelihood tree
for gag-pol and another for nef, estimated using PhyML 3.0 [35]) in order
to estimate the transmitted viral sequence for each subject. A statistical
model can then be “phylogenetically corrected” by designing that model
to make use of both the estimated transmitted and the observed current
viral sequences and then averaging the likelihood over all possible phylo-
genetic histories, as previously described (19, 21).

To create a phylogenetically corrected logistic regression test, we
therefore first need to define a logistic regression model for cases in which
both the transmitted and current viral sequences are known for each in-
dividual. To this end we modified the above definition to be In(P/(1 —
P)) = aX + bY + (T, where T represents a binary variable indicating
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whether the transmitted sequence contained 242N. We model Tasa —1/1
binary variable, whereas the HLA variables X and Y are modeled as 0/1
binary variables. Thus, if an individual expresses neither X nor Y, then the
log-odds of observing 242N will be cif the transmitted sequence contained
242N and —cifit did not. After picking maximum-likelihood values for 4,
b, and ¢, we can then interpret g as the log-odds ratio comparing the odds
of observing 242N among individuals expressing HLA-X compared to
those not expressing HLA-X, conditioned on the transmitting sequence.

The distinction between an odds ratio conditioned on the transmitted
sequence and a more traditional odds ratio is important. In the traditional
case, we would model the odds of carriage of a specific polymorphism
(regardless of whether it was acquired at transmission or subsequently
selected in vivo) in individuals expressing the relevant HLA allele com-
pared to those not expressing it. The magnitude of the traditional odds
ratio is therefore influenced by the frequency of the polymorphism in
persons expressing the relevant HLA allele, as well as its prevalence in the
overall population. Thus, a high odds ratio may result from either a high
probability of escape in individuals expressing the HLA allele or a high
level of conservation among individuals not expressing the allele. In con-
trast, when we condition on the transmitting sequence, we effectively
model the odds of observing the selection of this mutation in vivo (because
both the observed and transmitted variants are included in the model). In
the context of HLA-mediated escape, the magnitude of an odds ratio that
is conditioned on the transmitted virus can therefore be viewed as a mea-
sure of the strength of selection in vivo.

In practice, we cannot observe the infecting sequence in large cross-
sectional cohorts. Therefore, we perform a weighted average over all pos-
sible infecting sequences, where the weights are informed by the phylog-
eny (19).

Hypothesis testing with the phylogenetically corrected logistic re-
gression model. Various hypotheses can be tested using the likelihood
ratio test, which compares the likelihood of the null model against the
likelihood of a richer model. To test if an HLA allele is associated with a
given polymorphism, we compare the null model In(P/(1 — P)) = T
(meaning that the odds of observing a polymorphism are completely de-
termined by the inferred transmitted sequence) to the alternative model
In(P/(1 — P)) = aX + ¢T (meaning that the odds of observing the poly-
morphism are mediated by selection pressure imposed by HLA allele X).
We can also test whether HLA alleles X and Y exert differential selection
pressure on 242N. First, we construct a new variable, max(X,Y), which is
1 only if an individual expresses either X or Y. We then compare the null
model In(P/(1 — P)) = a max(X,Y) + cT to the alternative model In(P/
(1 —=P)) =amax(X,Y) + bX + cT to test if there is sufficient evidence that
X and Yshould be treated as separate variables. To test the hypothesis that
HLA allele X exerts differential selection pressure on 242N when coex-
pressed with HLA allele Y, we construct an interaction term, XY, which is
1 only if an individual expresses both X and Y. We then compare the null
model In(P/(1 — P)) = aX + ¢T to the alternative interaction model
In(P/(1 — P)) = aX + bXY + cT. The parameter b can then be interpreted
as the log-odds ratio of escape in individuals coexpressing both X and Y to
escape in individuals expressing only X. This interaction model is also
used when Y is a continuous variable (e.g., log viral load).

Multiple hypothesis testing. In the present study, we performed
thousands of statistical tests. In such scenarios, the standard interpreta-
tion of the P value has relatively little meaning. We therefore primarily
report false-discovery rates, which addresses multiple hypothesis testing
(8). The false-discovery rate (FDR) is a property of a P value (P,) in the
context of a specific set of tests and is defined as the expected proportion
of tests for which P = P that are false positive. The false discovery rate can
be estimated using FDR(P,) = m,P,N/R, where N is the total number of
tests performed, R is the number of tests where P is =P, and m,, is the
(unknown) proportion of all tests that are truly null (74). A straightfor-
ward, robust estimate of 77, is 4r, = 2 - avg(P), where avg(P) is the average
P value of all the tests (64). To ensure monotonicity with respect to P
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values, the FDR is reported as a g value, which is the minimum false
discovery rate for all P values that are =P, (73).

The appropriate choice of g-value threshold is context specific and
depends on how the results will be interpreted. In the present study, we
typically report all tests where g is <0.2 (implying that we expect 20% of
reported tests to be false positives) but will sometimes report lower g
values when more conservative interpretations are appropriate.

Definition of expanded optimal epitopes. Optimally defined (52),
HLA-restricted cytotoxic-T-lymphocyte (CTL) epitopes in HIV-1 Gag,
Pol and Nef proteins were retrieved from the Los Alamos Database (http:
/[www.hiv.lanl.gov/content/immunology/tables/optimal_ctl_summary
.html; last updated 31 August 2009) and hand edited to reflect recent
published corrections. These optimal epitope definitions are derived from
in vitro epitope fine mapping and HLA restriction experiments reported
in the literature. Therefore, published epitopes have not necessarily been
tested in the context of all possible HLA alleles that could present them,
nor have the restricting HLA alleles been defined at the same level of
resolution throughout. Indeed, many epitopes have been restricted to one
or two alleles, whereas others have been attributed to broad serotypes. In
recognition of the fact that alleles with shared similar binding grooves are
likely to present similar peptides, we expanded the optimal epitope list to
include all HLA subtypes belonging to the published HLA type, supertype,
or serotype, as follows. For each optimal epitope, we expanded the list of
restricting HLA alleles to include all members of the HLA supertype to
which the original restricting allele belonged (71). For optimal epitopes
restricted by HLA alleles defined by their serotype only, we expanded the
list to include all HLA alleles belonging to that serotype (36). For HLA-C
alleles, which do not have supertype definitions, we expanded the list to
include all HLA subtypes belonging to the HLA type of the published
restricting allele.

We next sought to identify putative HLA escape mutations for each
optimal epitope by identifying polymorphisms at sites within or flanking
each epitope that were positively or negatively associated with particular
HLA alleles. Specifically, for each observed amino acid at each position
within 3 amino acids of the optimal epitope boundary, we ran a forward
selection procedure to identify all HLA alleles that were independently
associated with the amino acid. Only HLA alleles that were expressed by at
least three individuals in the present study were analyzed; likewise, only
polymorphisms that were observed in at least three individuals, and were
not observed in at least three individuals, were considered. For each round
of forward selection, we tested each HLA allele using a likelihood ratio test
that compared an alternative phylogenetically corrected logistic regres-
sion model that included the new allele to a null model that included all
alleles that had been added in previous iterations. After each iteration, the
most significant HLA allele was added to the model. The P value reported
for each HLA allele was that computed when the allele was added to the
model. As a postprocessing step, we filtered the final output to include
only those HLA alleles that are in the expanded list of potential restricting
HLA alleles and computed g values based on the resulting subset. In some
cases, one escape association could be ascribed to multiple overlapping
optimal epitopes, each of which is putatively restricted by the same HLA
allele or HLA alleles in the same supertype (e.g., the overlapping Gag
epitopes KIRLRPGGK, RLRPGGKKK, and RLRPGGKKKY are all pub-
lished as A*03:01 optimal epitopes, while the overlapping B7-restricted
epitopes VPLRPMTY and RPMTYKAAL are published as B¥35:01 and
B*07:02 restricted, respectively). In these cases, overlapping optimal
epitopes were grouped by published restricting supertype so that each
such polymorphism was analyzed only once. We tested for differential
escape only between HLA alleles that restricted the same optimal epitope
(as determined by the supertype/serotype expansion described above).

IFN-vy ELISPOT assays. In vitro HIV-specific CD8* T-cell responses
were determined in a cohort of 1010 subtype-C infected individuals using
gamma interferon (IFN-y) enzyme-linked immunosorbent spot
(ELISPOT) assays using a set of 410 overlapping 18-mer peptides (OLPs)
spanning the whole HIV-1 subtype C proteome (2001 consensus se-
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quence). Overlapping peptides were arranged in a matrix system with 11
to 12 peptides in each pool. Responses to matrix pools were deconvoluted
by subsequent testing with the individual 18-mer peptides within each
pool, and the identity of the individual 18-mers recognized were thus
confirmed, as previously described (44). Each optimal epitope was
mapped to the OLP(s) that completely contained the optimal epitope. The
CTL targeting frequency of each optimal epitope was defined as the tar-
geting frequency of the OLP containing it (or, in the case where it was
contained in two OLPs, the maximum targeting frequency between
them). Associations between HLA alleles and OLP responses were as-
sessed using a stepwise Fisher’s exact procedure. For each OLP, we iden-
tified the most significantly associated HLA allele using Fisher’s exact test.
We then removed all individuals who expressed that allele and repeated
these steps until all HLA alleles had been added to the model. We then
computed false discovery rates for each HLA allele~OLP pair using the
method described in reference 20.

RESULTS

Systematic identification of escape mutations in optimally de-
fined epitopes. This study focuses primarily on differential escape
within epitopes presented by similar HLA alleles. To this end, we
developed a phylogenetically corrected logistic regression model,
which estimates the relative odds of escape among individuals
who express a given HLA allele compared to those who do not. As
described in Materials and Methods, our model conditions on the
transmitted sequence (as estimated from the phylogeny), thereby
removing any confounding that may arise from evolutionary re-
latedness among the HIV sequences (11, 19, 21). By building on
the logistic regression model, our model allows us to estimate the
relative odds of escape, as well as to explicitly test for differential
escape (difference of odds of escape between two alleles) or escape
that is dependent on external factors (interaction effects).

We first applied this phylogenetically corrected model to a
large population-based data set to identify associations between
individual HLA alleles and HIV-1 polymorphisms occurring
within 3 amino acids of all optimal epitopes potentially restricted
by those alleles. Potential HLA-optimal epitope restriction was
defined by expanding the published list of optimally defined
epitopes (52) to include all HLA alleles in the same supertype
family as the published restricting alleles (see Materials and Meth-
ods). A forward selection algorithm was used to reduce the risk of
false positives arising from linkage disequilibrium among HLA
alleles (19). We identified 301 significant (q¢ < 0.2, P < 0.004)
HLA-HIV associations in Gag (n = 147), Pol (n = 110), and Nef
(n = 44), covering 90 of 157 (57%) optimal epitopes (see Table S3
in the supplemental material). In what follows, we say that an HLA
allele “restricts” an epitope if that allele is in the expanded optimal
list and is associated with at least one escape polymorphism. There
was an average of 1.9 HLA alleles that restricted each of those 90
optimal epitopes. Thirty-eight epitopes were restricted by more
than one HLA allele (Table 1), and 67 epitopes were restricted by
an allele other than its published restricting allele. Thus, in addi-
tion to identifying putative HLA-specific escape mutations, this
analysis expands the number of closely related HLA alleles capable
of presenting each optimal epitope by using escape mutations as
indicators of active immune selection pressure in vivo.

Widespread differential escape among HLA alleles restrict-
ing the same epitope. Examination of HLA-associated polymor-
phisms in Table 1 gives the impression that different HLA alleles
restricting the same epitope will select for the same escape muta-
tion only rarely. However, it would be premature to draw this
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conclusion from the association lists alone, without undertaking
rigorous statistical tests. For example, the absence of any particu-
lar association may be due to lack of statistical power. Further-
more, two apparently identical associations may actually occur at
substantially different frequencies among individuals expressing
two different HLA alleles despite achieving statistical significance
in both cases. We therefore created a statistical test for differential
escape based on the phylogenetically corrected logistic regression
that allows us to explicitly test whether the odds of escape medi-
ated by two different HLA alleles are different.

For each HLA-associated polymorphism in Table 1, we tested
for differential selection between the reported allele and every
other HLA allele that restricted the same epitope. In so doing, we
confirm that HLA alleles restricting the same epitope exhibit dif-
ferential escape in the vast majority of cases. Using the estimation
method of Pounds and Cheng (64), which compares the observed
distribution of P values for a large number of statistical tests
against the expected distribution of P values under the null hy-
pothesis, we estimate that roughly 70% of the 499 comparisons
represent truly differential selection. Thus, differential selection
appears to be the norm among HLA alleles that restrict the same
epitope. Indeed, of the 38 epitopes that are restricted by multiple
members of the same supertype, 37 (97%) exhibited differential
escape in at least one position within or flanking the epitope. The
only exception was RT-IL-9 (IEELRQHLL), which was restricted
by B44 supertype members B*18:01 and B*44:03. Tests for differ-
ential escape did not achieve statistical significance despite the
observation that the two alleles were associated with different
polymorphisms (Table 1). Overall, a total of 278 instances of dif-
ferential escape within the same epitope were observed at a P value
of <0.05 (q < 0.025); these are listed in Table S4 in the supple-
mental material. Figure 1 displays the subset of these instances for
which P was <0.005 (g < 0.006).

Three broad categories of differential immune escape. Dif-
ferential escape (see Table S4 in the supplemental material) can be
classified into three patterns. First, we observed cases where two
alleles select for the same escape mutation, but to differing de-
grees. Second, we observed cases where one allele selects for escape
whereas the other allele shows no association whatsoever. Finally,
we observed cases where one allele is significantly positively asso-
ciated with a polymorphism and the other allele is significantly
negatively associated with the same polymorphism, a phenome-
non termed “push-pull” escape (14).

The B7 supertype alleles B¥42:01, B*81:01, B*39:10, and B*67:
01, all of which are associated with escape in Gag-TL9 (TPQDLN
TML), illustrate all three categories of differential escape. The first
type (identical escape patterns that differ in statistical strength) is
illustrated by the selection of T186X by both B¥81:01 and B*39:10,
but with a significantly higher absolute odds ratio for B*81:01 than
for B*¥39:10 at this residue (In odds ratios of —12 versus —10, q =
0.016; negative In odds ratios indicate selection against a polymor-
phism, in this case the T variant). The second type (selection of
escape by one but not the other of two related alleles) is illustrated
by the lack of significant association between T186 and B*42:01.
The third type, push-pull escape, is illustrated by the selection of
X182T (wild type is Q) by B*42:01, but the specific selection
against 182T by B*81:01 (which instead selects for Q182E/G/S). In
this epitope, we also observed examples in which two alleles se-
lected for the same escape patterns with the same frequencies:
both B*39:10 and B*81:01 were associated with selection of E177D
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TABLE 1 Associations between supertype members and polymorphisms in optimal epitopes at a q value of <0.2

Sequence
Protein Epitope Optimal® Consensus” Location HLA Associations? Supertype(s)©
Gag KK9 KIRLRPGGK KIRLRPGGK 18-26 A*03:01 A*03:01(R18K, K28X), A*30:01(X20S, C/K28Q), A3
RLRPGGKKK RLRPGGKKH 20-28 A*31:01(X18Q), A*33:01(X18Q, X28Q),
RLRPGGKKKY RLRPGGKKHY 20-29 A*74:01(R20K, R28X, Q30X)
KwW9 KYKLKHIVW HYMLKHLVW 28-36 A*24:02 A*23:01(R28X, L34I), A*24:02(R28X) A24
RY11 RSLYNTVATLY RSLYNTVATLY 76-86 A*30:02, B58, B63 A*01:01(E73K, Y79F/H), A*29:02(L85I), Al, A24
A*29:11(C87X), A*30:02(T81A), A*36:01(Y79H),
B*58:02(C87X)
LY9 LYNTVATLY LYNTVATLY 78-86 A*29:02, B*44:03 A*01:01(Y79F/H), A*29:02(L85I), A*29:11(C87X), Al, A24
A*30:02(T81A), A*36:01(Y79H)
TK8 TLYCVHQK TLYCVHEK 84-91 A*11:01 A*03:01(X91S), A*34:02(K90R), A*68:01(K90X), A3
A*66:03(T81A, A83V), A*74:01(RI1K, V94I)
IL10 IEIKDTKEAL IEVRDTKEAL 92-101 B*40:01 B*41:01(E93V), B*44:03(X91Q), B*45:01(E93X) B44
VL10 VHQAISPRTL VHQAISPRTL 143-152 B*15:10 B*14:02(V143I, L1471), B*15:10(A146S) B27
W9 ISPRTLNAW ISPRTLNAW 147-155 B*57:01, B63 B*57:02(A146P, 1147L), B*57:03(A146P, 1147L/M), B58
B*58:01(X146P), B¥58:02(S146X)
KF11 KAFSPEVI KAFSPEVI 162-169 B*57:03 B*57:03(X161D, A163G/S, S165K/N), B*58:01(V168X) B58
KAFSPEVIPMF KAFSPEVIPMF 162-172
EL9 EVIPMFSAL EVIPMFTAL 167-175 A*26:01 A*26:01(V168X, T173 M), A*29:02(X173 M) Al
TL9 TPQDLNTML TPQDLNTML 180-188 B*07:02, B¥39:10, B*39:10(E177D, T186X), B*42:01(X182T), B7
TPYDINQML TPQDLNTML B*42:01, B*81: B*67:01(T190A), C*08:02(X182H), B*81:01(E177D,
01, C*08:02 Q/T182E/G/S, T186S, L188F, T190X, V191I)
TW10 TSTLQEQIGW TSTLQEQIAW 240-249 B*57:01, B*58:01 B*57:02(T242N, X247 M), B*57:03(T242N, 1247V), B58
B*58:01(T242N, 1243X, X248A)
NY10 NPPIPVGDIY NPPIPVGDIY 253-262 B*35:01 B*35:01(D260E), B*39:10(1250 M), B*53:01(X256T, B7
R264X), B*81:01(X252A)
QW9 QASQEVKNW QATQDVKNW 308-316 B*53:01, B*57:01 B*53:01(A309X, N315G), B*58:01(S309A, T310S)
Pr DL9 DTVLEEWNL DTVLEEINL 30-38 A*68:02 A*02:02(X39S), A*02:05(X36V) A2
RT AM9 ALVEICTEM ALTAICEEM 33-41 A*02:01 A*02:01(X351, X36V, X40D), A*02:02(E36A, X41I) A2
TI8 TAFTIPSI TAFTIPSI 128-135 B*51:01 B*51:01(1135T), B*81:01(X134G) B7
KY9 KQNPDIVIY AQNPEIVIY 173-181 A*30:02 A*29:02(178X), A*30:01(E173X), A*36:01(X178V) Al
L9 IEELRQHLL IEELREHLL 202-210 B*40:01 B*18:01(E207X), B*44:03(E204X, E207K/N) B44
QR9 QIYPGIKVR QIYPGIKVR 269-277 A*03:01 A*03:01(K277R), A*30:01(Q278X), A*33:03(X273R), A3
A*34:02(R275X)
w9 TAMESIVIW IAMESIVIW 375-383 B*58:01 B*15:16(X386V), B*58:01(1375V, X377Q/T, X379A) B58
EY9 ETKLGKAGY ETKIGKAGY 449-457 A*26:01 A*26:01(K451R, M452X), A*29:01(T450N) Al
Nef RM9 RPQVPLRPM RPQVPLRPM 71-79 B*42:01, B*07:02 B*35:01(Y81F), B*81:01(X71T, L76T/V) B7
TPQVPLRPM RPQVPLRPM
QK10 QVPLRPMTYK QVPLRPMTYK 73-82 A*03:01, A*11:01 A*03:01(A83G, X85L), A*33:01(X71K), A3
A*34:02(A83G), A*66:03(V70I), A*68:01(X82Q)
RL9 VPLRPMTY VPLRPMTY 74-81 B*35:01, B*07:02 B*35:01(Y81F), B*81:01(X71T, L76T/V) B7
RPMTYKAAL RPMTYKAAE 77-85
PK8 PLRPMTYK PLRPMTYK 75-82 A*11:01 A*03:01(A83G, X85L), A*34:02(A83G), A*68:01(X82Q) A3
KL10 KAAFDLSFFL KAAFDLSFFL 82-91 B*57:03 B*57:02(A83X), B¥57:03(A83X), B*58:01(A83G) B58
AK9 AVDLSHFLK AFDLSFFLK 84-92 A*03:01, A*11:01 A*03:01(A83G, X85L), A*34:02(A83G), A*68:01(X82Q) A3
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TABLE 1 (Continued)

Differential Escape Mediated by HLA Restriction

Sequence
Protein Epitope Optimal® Consensus” Location HLA® Associations® Supertype(s)©
HW9 HTQGYFPDW HTQGFFPDW 116-124 B*57:01 B*57:03(H116N), B*58:01(X116N) B58
TL10 TPGPGVRYPL TPGPGVRYPL 128-137 B*07:02, B*42:01 B*35:01(V133T), B*53:01(V133I) B7
RW8 RYPLTFGW RYPLTFGW 134-141 A*24:02 A*23:01(F143Y), A*24:02(Y135F/L) A24
YY9 YPLTFGWCY YPLTFGWCE 135-143 B*18:01, B*53:01 B*35:01(V133T), B*53:01(V133I) B7

“ Optimally defined epitopes as defined at http://www.hiv.lanl.gov/content/immunology/tables/optimal_ctl_summary.html. Only optimal epitopes that were restricted by least two
HLA alleles are shown. Overlapping optimals with published alleles in the same supertype are grouped together.
b Consensus in the present cohort. Underlining marks differences from published optimal epitope.

¢ HLA alleles associated with the epitope as defined in the optimal epitope definitions.

4 HLA alleles that are related to the published alleles via supertype were tested for associations with polymorphisms within or flanking the optimal epitope. Associations are of the
form (YposZ), where Y is a residue that is negatively associated with the HLA allele and Z is a residue that is positively associated with the allele. X indicates no association in the

positive/negative direction. All associations with a g value of <0.2 are reported.
¢ Supertypes that are represented by HLA alleles that are associated with escape.

3 amino acids upstream of TL9 with a In odds ratio of 4 (P = 0.5
for differential escape between the two alleles).

Remarkably, there were only nine clear cases of differential
escape in which two HLA alleles selected for the same polymor-
phisms but to a varying degree. These included B*57:03/B*58:01-
mediated selection of T242N in Gag-TW10, A146P in Gag-IW9,
and X116N in Nef-HW?9 (where B*57:03 exhibited a higher odds
of escape than B*58:01 in all three cases), B*81:01/B*39:10-medi-
ated selection of T186X in Gag-TL9 (where B*81:01 exhibited
higher odds of escape than B*39:10), B*35:01/B*53:01-mediated
selection of V133X in Nef-TL10 (where B*35:01 exhibited higher
odds of escape than B*53:01), and finally A*24:02/A*23:01-medi-
ated selection of R28X (where A*24:02 exhibited higher odds of
escape than A*23:01). Similarly, there were only two cases of sig-
nificant push-pull: in addition to the B*81:01/B*42:01 example
cited above, B¥58:01 selected for S309A in Gag-QW9 (QASQEVK
NW), while B*53:01 selected for A309X.

The remaining 267 (96%) examples of differential HLA-asso-
ciated escape within the same epitope represented cases where one
allele was significantly associated with a polymorphism at a given
position and the other was not. Although some of these could
represent cases of escape varying by degree where statistical power
was insufficient to detect it, the observation that 182 (65% of total)
of these instances represent cases where the log-odds ratios of the
two alleles are in opposite directions argues against this interpre-
tation in most cases. Similarly, although some of these could rep-
resent cases of push-pull escape where statistical power was insuf-
ficient to detect it, this is also not likely to be the explanation in
most cases. Specifically, because odds ratios simply reflect the
odds of selection among individuals who express the allele versus
individuals who do not, observation of a statistically insignificant
negative odds ratio by one allele alongside a significant positive
odds ratio by another does not necessarily imply active selection
against the polymorphism by the former allele. More likely, these
insignificant negative odds ratios indicate a complete lack of se-
lection on the part of the former restricting allele. What can thus
be clearly concluded from the data is that at least 184 of 278 (66%)
cases of observed differential selection represent instances in
which the two HLA alleles drive distinct escape pathways within
the epitope, as evidenced by opposing odds ratios.

Differential escape among protective B58 supertype alleles.
We next used this approach to study in detail the escape pathways
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selected by the clinically important B58 supertype alleles B¥57:02,
B*57:03 and B*58:01 (note that B*57:01 frequency is negligible in
African populations). We systematically compared the odds ratio
of escape among the three alleles for every significant association
reported in Table S3 (Fig. 2; g values computed separately for this
analysis). The results highlight widespread variation in the selec-
tion patterns of these alleles, with an estimated 49% of compari-
sons representing true differences. For example, B*58:01, but not
B*57:02 or B*57:03, selects for escape in Gag-QW?9, with escape
occurring most strongly at positions 309 (S309A) and 310
(T310S). These differences are statistically significant for T310S
(g < 0.05) but not for S309X, for which B¥58:01-mediated escape
is comparably weaker. Gag-KF11 represents another striking ex-
ample, with B*57:03 (but not B*57:02 or B*58:01) selecting for
escape in positions —1, 2, and 4, and relatively weak B*58:01-
mediated selection at position 5 of the epitope. Gag-TW10 is the
only epitope for which all three alleles select for escape at the same
position (T242N). At this position, we find that the odds of escape
are significantly higher for B*57:03 than for B*58:01 (g = 0.05)
and possibly B*57:02 (¢ = 0.2); no differences were observed
between B¥57:02 and B*58:01 (g > 0.4). B*57:03 selects for 1247V,
whereas B*57:02 selects for 1247M, and B*58:01 does not appear
to select for escape at this position. Rather, B*58:01 selects for
248A (which is the HIV-1 subtype C consensus residue), whereas
there is no selection mediated at this position by B*57:02 or B*57:
03. In the Gag-IW9 epitope, B¥57:02 and B*57:03 both exhibit
stronger selection pressure than B*58:01 at both positions 146 and
147 (q < 0.001). No significant differences between B*57:02 and
B*57:03 were detected in this epitope, likely due to the relatively
small number of individuals expressing B*57:02 (q > 0.2 for all
comparisons).

Differential targeting frequency does not explain differential
escape. Selection of escape indicates that at least some individuals
expressing the restricting allele have CTL that target the epitope in
question. However, the absence of escape patterns at the popula-
tion level does not necessarily imply a lack of targeting, nor do
differential odds of escape necessarily imply differential odds of
targeting. These observations are particularly evident for the B58-
supertype epitopes, for which targeting was recently studied in
detail (46). Comparing published B58 supertype-associated
epitope targeting frequencies (46) with corresponding log-odds
ratios of escape (Fig. 2) reveals several notable observations. First,
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Differential Escape Mediated by HLA Restriction
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FIG 2 Differential escape among protective B58-supertype alleles. The phylogenetically corrected log-odds ratio of each B*57:02-, B¥57:03-, or B*58:01-
associated polymorphism from Table 1 was tested for differential selection against the other two alleles. Bars represent the log-odds of observing the indicated
polymorphism. Stars indicate that the magnitude of the odds ratio is significantly (P < 0.05, g < 0.06) greater than that for the allele indicated by the color of the
star. Large amino acid letters indicate cohort consensus; small letters indicate alternative polymorphisms associated with at least one allele.

the observation that Gag-KF11 is under strong B*57:03-mediated
selection at multiple positions, whereas it is under only weak B*58:
01-mediated selection and no B*57:02-mediated selection, is con-
sistent with the observation that CTL frequently target KF11 when
the epitope is presented by B*57:03 but rarely target KF11 when
presented by B*58:01 and never target KF11 when presented by
B*57:02 (46). In contrast, despite frequent targeting of RT-IW9 by
both B*58:01-restricted and B*57:03-restricted (but not B*57:02-
restricted) CTL (46), B*58:01 exhibits significantly higher odds of
escape than either of the B*57 alleles at multiple positions within
the epitope. Moreover, odds of B*57:03-mediated T242N escape
within Gag-TW10 are significantly higher than those for B*58:01,
despite the observation that CTL of B*58:01% individuals target
this epitope more frequently than do those of B*57* individuals
(46) (although decline of CTL responses following rapid escape in
acute/early infection could provide an alternative explanation [1],
as could the selection of the alternative 248A escape polymor-
phism in B*58:01 " individuals).

To test if odds of escape are correlated with odds of epitope
targeting across all alleles in our study, we analyzed a data set of
1,010 adults with chronic C clade infection screened for responses
to a panel of 18-mer peptides overlapping by 10 amino acids using
IFN-+y ELISPOT assays. Defining odds of escape for a given HLA
allele in a given epitope as the maximum absolute log-odds ratio

over all significant HLA-associated polymorphisms in the epitope,
we observed no correlation between odds of escape and odds of
ELISPOT response (r* < 0.01). When we compared the odds of
observing an ELISPOT response between two alleles exerting se-
lection pressure on the same codon but to potentially varying
degrees (all allele pairs from Fig. 1 for which the sign of the log-
odds ratios is the same for both alleles), we observed a weak neg-
ative trend between ELISPOT response frequency and odds of
escape (P = 0.02, binomial test; data not shown). Although OLP
data are inherently noisy, owing to the presence of multiple opti-
mal epitopes per 18-mer, these data support the observation that
differential escape is primarily the result of the selection of differ-
ent escape pathways rather than differential frequencies of epitope
targeting during chronic infection.

Risk of escape is not affected by HLA coexpression. We hy-
pothesized that the risk of escape could be modulated by the co-
expression of other alleles. For example, a subdominant epitope
may be less likely to be targeted (and thus escape) if the individual
coexpresses an HLA allele that restricts one or more strongly im-
munodominant epitopes. Alternatively, the risk of escape may
change if two overlapping epitopes are targeted at the same time.
To test this hypothesis, we devised a statistical test that utilized a
multiplicative interaction term between two alleles. Although sev-
eral tests had P << 0.001, these were not significant after correction

FIG 1 Per-site differential escape between HLA alleles that restrict the same epitope. Bars represent the natural logarithm of the phylogenetically corrected odds
ratio. Values between —20 (red, extending to the left) and +20 (blue, extending to the right) are shown; infinite log-odds ratios are set to values of *20.
Associations that are individually significant are labeled with single asterisks (g < 0.2) or double asterisks (g < 0.05). Polymorphisms are given in the SNP
(single-nucleotide polymorphism) column; underlined amino acids signify cohort consensus. A phylogenetically corrected logistic model was used to derive a P
value that tests the null hypothesis that both alleles select for escape with the same odds ratio. Comparisons with a P value of <0.005 (g < 0.006) are reported.
The complete list of all comparisons with P values of <0.05 is available in Table S4 in the supplemental material.
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for multiple tests (q > 0.9 over 13,545 tests; data not shown). We
next hypothesized that escape is more likely in individuals who are
homozygous for a restricting allele. Once again, we observed no
clear trends in the data (7 associations with 0.2 < g < 0.6, the rest
with g > 0.9; data not shown). Overall, these results indicate that
modulation of immune escape by HLA allele homozygosity or
coexpression is not a general phenomenon; however, the observa-
tion of a number of results with low P values indicates that such
interactions could occur in specific cases, though the present study
is underpowered to identify such rare effects (note that the rela-
tionship between P and g values is a function of the number of
tests exceeding the significance of a given P value relative to the
total number of tests).

Risk of escape is independent of cohort. One possible cause of
differential escape is within-host T-cell receptor diversity, a factor
that could also vary by population studied. Such variations could
arise due to population-specific genetic characteristics or varia-
tions in antigenic exposure arising from region-specific vaccina-
tions or diseases. Although we cannot explore the impact of T-
cell-receptor (TCR) diversity on escape at the individual level, it is
possible to investigate whether population level differences could
confound the present analyses. To test this, we recomputed differ-
ential escape P and g values while conditioning on the cohort for
which each individual was recruited. The resulting g values were
nearly identical to the original analysis (+* = 0.99; data not
shown), indicating that differential escape could not be explained
by region-specific variations (as approximated by cohort). We
next tested if the odds of escape mediated by a specific allele were
dependent on either cohort or country of origin (excluding the
heterogeneous Thames Valley cohort). Once again, no significant
cohort effects were observed (minimum g of 1 for both tests).
Taken together, we found no evidence for odds of escape being a
function of cohort or country of origin, suggesting that the dom-
inant causal mechanism underlying the differential escape ob-
served in the present study is more closely linked to specific HLA
alleles than any unmeasured attributes that would be expected to
correlate with ethnicity or region.

Population escape patterns predict the majority of intra-
epitopic variation. The statistical evaluation of escape across in-
dividuals, such as the analyses described here, are inherently bi-
ased toward identification of common pathways of escape.
Although the large size of our combined cohorts allows us to iden-
tify some uncommon escape pathways (over all associations, fre-
quency of escape in individuals with the associated HLA allele
ranged from 1.6% to 100%; interquartile range [IQR], 11% to
73%), very rare escapes, or rare escapes to uncommon HLA al-
leles, will go undetected (the statistical power falls precipitously
for HLA alleles occurring in less than 1% of the population; data
not shown).

To investigate the ability of population-based approaches to
detect evidence of rare escape, we sought to identify whether op-
timal epitopes inherently display more sequence variation in in-
dividuals expressing the restricting allele than those who do not.
For each optimal epitope, we tested for association between ex-
pression of any of the restricting HLA alleles and the presence of at
least one nonconsensus residue within the epitope, excluding de-
fined escape sites. This analysis will therefore identify epitopes in
which variation commonly or occasionally occurs at any epitope
position not identified in our previous analyses. Only 32 of 90
(36%) epitopes exhibited signs of increased general variation
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among individuals expressing the relevant HLA allele (g < 0.2).
The majority of these (n = 24) were in Pol, for which the present
study had the least statistical power due to low sequence coverage
(e.g., integrase sequences were only available for 344 individuals).
Opverall, the median proportion of HLA-matched individuals with
anonconsensus residue at =1 non-HLA-associated site was 18%,
compared to 13% in HLA mismatched individuals. To provide
context, the median proportion of HLA-matched individuals with
anonconsensus residue at =1 HLA-associated site was 40%. This
analysis suggests that the majority of escape mutations within
HLA-optimal epitope pairs analyzed in this study is captured by
the list of HLA-associated polymorphisms in Table S3 in the sup-
plemental material but also supports the selection of unidentified
rare escape pathways in some cases. This conclusion is broadly in
line with a previous report on longitudinal clade B sequences from
acutely infected individuals, in which 32 to 58% of observed sub-
stitutions (those achieving >25% frequency in a given quasispe-
cies, as limited by “bulk” RT-PCR and sequencing protocols [47,
48]) in the first 2 years of infection exactly matched predicted
HLA-associated polymorphisms identified in a chronically in-
fected clade B cohort (13). Restricting that analysis to substitu-
tions occurring inside optimally defined, HLA-matched epitopes
shows that 80%, 52%, and 43% of intraepitopic substitutions in
Nef, Gag, and Pol, respectively, are attributable to HLA associa-
tions used in that study (13; also our unpublished data).

Taken together, these data suggest that population studies with
statistical power comparable to that of the present study are able to
identify the majority of common escape mutations occurring in
optimally defined epitopes, as well as some rarer mutations that
smaller studies have missed. There is also, however, evidence of
intraepitopic variation that is not captured by the present study
and which may confer immune escape. It is unknown to what
extent such rare escape pathways play a role in immune evasion.
Furthermore, the current study focused exclusively on well-char-
acterized epitopes, which may be more conserved than uncharac-
terized epitopes and may therefore display less variability in escape
patterns.

Alleles exhibiting differential escape exhibit discordant as-
sociations with viral load. The B58 supertype alleles B¥57:03 and
B*58:02 exhibit opposing correlations with plasma viral load (VL)
in clade C infection, with B*57:03 being strongly correlated with
low VL and B*58:02 strongly correlated with high VL (44, 49).
These two alleles restrict completely different epitopes in HIV-1,
which may account for these differences. Likewise, the B7 epitopes
B*81:01, B¥42:01, and B*07:01, which select for differential escape
patterns within shared epitopes, also exhibit discordant associa-
tions with VL (44, 49, 50). We thus hypothesized that similar HLA
alleles that select differential escape mutations within the same
epitope commonly exhibit discordant associations with VL.

We therefore analyzed a data set of 1,870 chronically clade
C-infected, antiretroviral-naive adult Africans to test for associa-
tions between HLA alleles and VL. We first sought to identify
which HLA alleles are independently and significantly associated
with viral load. To this end, we tested all HLA subtypes using
forward selection on a linear regression model, conditioned on the
cohorts from which each sample was derived, with log,, VL as the
dependent variable. From the distribution of P values, we estimate
that 20% of the 98 HLA alleles tested are truly associated with VL.
Using a P value of <0.05 (g < 0.13) as a threshold, we identified 20
HLA alleles that contribute to VL. These alleles were jointly added

Journal of Virology


http://jvi.asm.org

A
C*12:03
C*14:02
B*57.03
B*42:01
B*81:01
B*58:01
A*74:01
B*44:03
B*08:01
C*17:01
A*66:01
B*35:01
B*58:02
B*45:01
A*36:01
B*39:10
B*18:01
B*51:01
B*50:02
B*15:17 . ' : : :
45 1 05

Ly
Lol
-
[
N
T
=
=
. m

ﬁmﬁﬁﬂﬂﬁm

o
o
3
-

log VL (B)

NS

Differential Escape Mediated by HLA Restriction

A*30:01
A*30:02
A*36:01
A*74:01
A*33:03
A*30:01
A*03:01 H
A*34:02 H
A*68:01
A*66:01
A*31:01
A*66:03
B*42:01
B*81:01
7 B*53:01
B*35:01
B*39:10
B*51:01
B*57:03
B*58:01
B*57:02
B*15:16 =
B*58:02

-

— g

vs]
a
o

.

l_

08 06 -04 02 0 02 04 06 08
log VL (B)

FIG 3 Relative contributions (3 parameters) of HLA alleles to log VL. (A) All HLA alleles identified at a P value of <0.05 (g < 0.13) in a forward selection
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for B.

to a linear regression model to determine their independent con-
tributions to VL (Fig. 3A). Eight of these alleles were associated
with reduced VL (“protective” alleles), while 12 were associated
with increased VL (“hazardous” alleles). Of note, 6 of the 12 (50%)
hazardous alleles selected for escape in an epitope that was also
restricted by at least one protective allele, and 5 of those cases were
classified as differential escape.

Simply identifying HLA alleles independently and significantly
associated with VL, however, may be overly conservative. Indeed,
two alleles that are not individually significantly associated with
VL may have significantly discordant associations with VL if, for
example, one allele tends to increase while the other tends to de-
crease VL. We therefore tested for discordant associations be-
tween HLA alleles and VL using the linear analogue of the differ-
ential selection model (with no correction for phylogeny, as none
was needed). To reduce the possibility of confounding due to
linkage disequilibrium, we conditioned all tests on the set of HLA
alleles individually associated with VL (those in Fig. 3A). Using
this model, an estimated 35% of HLA alleles that restrict the same
epitope but select for differential escape also have discordant as-
sociations with VL. Twenty-seven pairs were significant at a g
value of <0.2 (P < 0.1; see Table S5 in the supplemental material),
and 11 were significant at a q value of <0.05 (P < 0.011; Fig. 3B).
These differences were dominated by members of the A1, A3, B7,
and B58 supertypes. Thus, these results indicate that similar HLA
alleles that restrict the same epitope yet select for different escape
pathways often have discordant associations with viral load.

We next looked at whether various features of escape or target-
ing differentiated protective HLA alleles from hazardous ones. For
this analysis, we built a single linear model that included all HLA
alleles from Fig. 3A and B except the HLA-C alleles (for which
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there are few published epitopes) and interpreted the 3 estimates
as the relative contribution of each allele to VL. We then correlated
various HLA allele features against these 3 estimates. Over all 32
HLA alleles there was a strong correlation between the total num-
ber of Gag-OLPs associated with the allele and VL contribution
(Spearman p = —0.50, P = 0.006), and a weak correlation be-
tween Pol/Nef-OLPs with VL contribution (p = —0.41, P = 0.03;
Fig. 4A). An even stronger correlation was observed between VL
contribution and the total number of optimal epitopes with asso-
ciated escape polymorphisms in both Gag (p = —0.72, P = 1.7 X
107?) and Pol/Nef (p = —0.46, P = 0.01; Fig. 4B). Furthermore,
the total number of escape polymorphisms observed per epitope
across Gag/Pol/Nef was strongly correlated with VL contribution
in HLA-B alleles (p = —0.77, P = 3.5 X 10~*) but not HLA-A
alleles (p = —0.04, P = 0.9; Fig. 4C), and the overall strength of
escape associations was more statistically significant in protective
alleles (median g = 0.001) than in hazardous alleles (median g =
0.03; P = 0.003, Mann-Whitney test). Of note, there was no dif-
ference in the entropy of epitopes restricted by protective versus
hazardous alleles (P = 0.38), nor was there any difference in the
entropy at the sites of associated escape (P = 0.96). Taken to-
gether, these results indicate that the presence of HLA-associated
polymorphisms at the population level is a marker of effective
epitope targeting, especially among CTL that target HLA-B-re-
stricted Gag epitopes.

Although escape at the population level may indicate that CTL
restricted by an HLA allele can be quite effective, escape in an
individual may indicate that the epitope can no longer be effec-
tively targeted in that individual. We therefore tested each HLA-
associated polymorphism for an association with viremic control-
ler status (VL of <2,000 copies/ml and CD4 counts of >250),
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FIG 4 HLA alleles that select for escape are associated with reduced viral load.
Log viral load was modeled as a linear function of the HLA-A and -B alleles
from Fig. 3, and the resulting 3 estimates were correlated against the number
of OLP responses that associated with that allele (A), the number of optimal
epitopes that were targeted by that allele as determined by the presence of
associated escape polymorphisms (B), and the total number of escape poly-
morphisms per targeted optimal epitope (C). Spearman rank correlation co-
efficients (p) are reported for each plotted data set.

using the interaction model described in Materials and Methods.
Although only four associations were significant at a q value of
<0.2 (data not shown), the overall trends were striking. Consis-
tent with observations of reduced escape in clade B-infected elite
controllers (59), 201 of 300 (67%) tests indicated that viremic
controllers were less likely to have selected for a given escape than
were noncontrollers (P = 3.9 X 10~°); 13 of 15 (88%; P = 0.0002)
associations with a g value of <0.5 indicated that viremic control-
lers were less likely to have selected for escape. This effect was
largely driven by conserved regions: when a site is relatively con-
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served, viremic controllers were much less likely to escape than
were noncontrollers, whereas the odds of escape were similar be-
tween the two groups in nonconserved regions (Spearman corre-
lation between entropy and relative log-odds of escape between
controllers and progressors was p = —0.31, P = 0.0002; data not
shown). Of note, protective alleles were not more likely than other
alleles to exhibit differential odds of escape between viremic con-
trollers and progressors (P = 0.77, Fisher’s exact test).

DISCUSSION

The present study represents the first large-scale, systematic anal-
ysis of differential immune escape in HIV-1. Starting with opti-
mally defined, published epitopes (52), we identified all related
HLA alleles driving immune escape mutations in Gag (p17+p24),
Pol and Nef. This list included 38 epitopes restricted by more than
one HLA allele, which underscores the promiscuous nature of
many CTL epitopes (17, 29, 54, 66, 76). Remarkably, distinct mu-
tational patterns and risk of escape were observed in 37 of 38 of
those epitopes, indicating that differential escape within promis-
cuous epitopes is typical. These numbers are almost certainly un-
derestimates resulting from restricting the study to known, opti-
mally defined epitopes.

There are several reasons why the odds of selecting a given
escape polymorphism may differ based on the specific HLA allele
restricting the epitope. One possibility is that epitope targeting
frequency differs based on the restricting HLA allele. If this were
the case, then differential selection pressure would tend to be sim-
ply a matter of degree, with the more frequently targeted HLA
restricted-epitopes exhibiting higher odds of escape. Although we
do observe a small number of distinct escape patterns that can be
explained in this straightforward way (e.g., B¥57:03, B*57:02, and
B*58:01 all select for T242N escape in Gag-TW10 but to differing
degrees), the vast majority cannot. Furthermore, in the relatively
uncommon cases where two alleles select for the same amino acid
polymorphism, no correlation between odds of escape and odds
of OLP targeting in chronic infection was observed (although the
elimination of CTL responses following escape in vivo must be
acknowledged as a potential limitation of this analysis). Instead,
between 66% and 97% of observed cases of differential escape
reflect instances where two alleles select for different polymor-
phisms at the same site or at different sites within the epitope.
Taken together, our observations indicate that differential im-
mune selection by closely related alleles is a widespread phenom-
enon, and one that typically manifests itself via distinct escape
pathways selected by the restricting HLA alleles, rather than com-
mon escape patterns that differ in their relative risk of occurrence.
This observation is in line with previous studies, which have re-
ported variations in functional avidity, TCR usage, and selection
pressure, even in the absence of differential targeting frequency,
for several B7- and B58-restricted epitopes (50, 53, 81).

Differential selection and epitope targeting between related
HLA alleles suggests that such alleles will have discordant associ-
ations with viral load: indeed, this turns out to be true in approx-
imately 35% of cases in which HLA alleles exhibit distinct escape
patterns within the same restricted epitope. As such, our results
complement previously described discordant associations with
VL among alleles of the B58 supertype (2, 42, 44, 49), at least some
of which appear to be due to the specific epitopes restricted by
each allele (25). Differential escape mutations within A2-re-
stricted (40), B58-restricted (51, 53, 57, 81), and B7-restricted (50,
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81) epitopes have also been previously reported, while case studies
of individual epitopes have linked differential escape pathways
with discordant clinical outcomes (40) and recruitment of distinct
TCR repertoires exhibiting differential functional avidities (50).
The present study extends these observations by revealing that
discordant associations with viral load are common among closely
related HLA alleles restricting different epitopes and/or selecting
for different escape mutations.

Historically, the relationship between immune escape and dis-
ease progression has been difficult to elucidate. The complexities
of these relationships are illustrated by case studies describing loss
of viral control following escape within the immunodominant
B*27-restricted Gag-KK10 epitope (26, 34, 43), followed by a dra-
matic broadening of the CTL response (26) (though breadth of
targeting appears to wane as many individuals progress to AIDS
[37]). Thus, in these instances, KK10 escape appears to be a direct
cause of viral breakthrough, whereas any escape in epitopes tar-
geted by the subsequent broadened response would occur only
after the VL increase. The complexities are compounded by the
observation that escape is typically a marker of an (at least previ-
ously) effective in vivo CTL response (40). Indeed, expression of
HLA class I alleles associated with a large number of population-
level Gag escape associations (16, 30, 65), a large number of re-
verting associations (56), and/or a large number of associations in
conserved regions (79), is predictive of relative viral control. Al-
though escape inherently implies a net improvement of in vivo
viral fitness, a number of escape polymorphisms have been linked
to decreased in vitro (12, 23, 53, 62, 68, 77) and in vivo (30, 56)
fitness in the absence of CTL pressure, suggesting an incomplete
recovery of viral replicative capacity upon escape. Epidemiologi-
cally, the presence of costly escape positions could thus be a
marker for immune control, as they identify cases of partial
immune-mediated attenuation of HIV-1 (58, 65). Over all associ-
ations in the present study, escape was strongly linked to higher
VL, an effect that was primarily driven by escape in conserved
regions. However, HLA alleles that were associated with many
escape polymorphisms, especially in Gag, were themselves associ-
ated with low viralload, a correlation that was much stronger than
that observed with OLP-measured targeting of Gag. Taken to-
gether, these data suggest that, although the presence of popula-
tion-level escape associations is a marker of the capacity of CTL
restricted by that allele to effectively target the virus, loss of viral
control is closely linked to actual immune escape in individuals, as
was suggested in a chronically infected clade B cohort (16) and in
elite controllers (59). Thus, the study of immune escape in gen-
eral, and differential escape in particular, may shed light on which
epitopes are most effective to target in vivo. From a vaccine design
perspective, it is equally important to determine if it is possible to
block escape from occurring, either through a polyvalent vaccine
that primes the immune system to recognize escape variants (28)
or by constraining escape pathways by blocking compensatory
mutations through the targeting of other epitopes (Y. E. Wang et
al., submitted for publication). The prospects of the latter ap-
proach may appear dim given that we found no instances in which
the odds of escape were reduced in the context of the coexpression
of another HLA allele; however, the present study was underpow-
ered to identify such associations due to the large number
(>13,000) of required statistical tests and the low frequency of any
given pair of HLA alleles. Some of these associations may repre-
sent true interactions, and the analytical tool developed here may
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prove useful for future studies that consider a more restricted set
of hypotheses.

One key assumption of the present study is that similar HLA
alleles that restrict an epitope in a given region are likely to restrict
the same optimal epitope. Violations of this assumption could
lead to spurious identification of differential escape. Although this
assumption remains largely untested, there are several lines of
evidence supporting its validity in the majority of cases. First, HLA
supertype definitions derive from shared binding profiles and
epitope repertoires (17, 29, 71, 72, 76). The observation that su-
pertypes tend to restrict the same epitopes has been demonstrated
in a number of studies (3, 10, 31, 46, 50, 66, 76) and detailed
studies of B7 (50) and B58 (46) supertypes consistently yielded
identical optimal epitope definitions when multiple alleles were
associated with the same OLP. Furthermore, many of the optimal
epitopes used in the present study were previously tested in a
cohort of 103 HIV-infected individuals (29). In addition to ob-
serving widespread promiscuity, titration experiments using
truncated and extended peptides demonstrated that the same op-
timal epitope was presented in the majority of cases, though sev-
eral exceptions were noted. Moreover, the same epitope was fre-
quently optimal for alleles even of different loci, an effect that may
be due to HLA-independent mechanisms such as proteasomal
processing, epitope transport or trimming (78, 61, 75), suggesting
that our present approach of limiting epitope expansion to super-
type members is conservative. Taken together, the identification
of an HLA-associated polymorphism within an optimal epitope
known to be restricted by a similar HLA allele suggests that the
associated HLA restricts the same optimal epitope. Nevertheless, a
few known counter examples exist in the published optimal list,
indicating that some instances of differential escape may be due to
related alleles restricting overlapping epitopes. Future work is
therefore required to validate proposed novel restrictions and to
disentangle the causal mechanisms of apparent differential escape.

These studies were facilitated by a novel statistical model that
enables quantifying and comparing the odds of immune escape
while correcting for statistical confounding that may arise due to
phylogenetic relatedness of HIV sequences. This model was first
developed to compare the odds of escape between individuals who
have progressed to AIDS and those who have not (37) and was
here refined and extended to model differential escape. The result-
ing model is quite versatile, enabling direct tests for differential
selection between two HLA alleles or differential selection medi-
ated by one allele in various genetic or environmental contexts.
The present studies demonstrate the widespread extent of differ-
ential escape in a relatively homogeneous population. Natural ex-
tensions will include studies of how escape varies among ethnic
populations or viral clades, and studies of differential escape in the
context of genetic variation outside the MHC-Ilocus or in the context
of environmental factors, including antiretroviral treatment, which
may alter immune function or the virus’ ability to tolerate variation. A
web server implementation of the differential escape methods de-
scribed herein is available at http://research.microsoft.com/en-us
/um/redmond/projects/MSCompBio/phyloDOddsRatio/.

Widespread differential immune selection pressure mediated
by the specific HLA allele restricting the epitope raises additional
challenges for an epitope-based CTL vaccine. Differential escape
has been linked to differential CTL functional avidity (50) and in
vivo efficacy (40), and the present study indicates that differential
escape may be broadly related to differential viral control. These
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observations raise the possibility that an epitope-based vaccine
will have varying results in different individuals, potentially re-
ducing the efficacy of the vaccine or even representing a hazard to
certain individuals by focusing their immune system on an inef-
fective response (50). In cases where differential escape has no
direct in vivo consequence, understanding the specifics may help
in the design of a polyvalent vaccine, as the escape routes of all
common and rare alleles could be included in the vaccine (28).
Although the present study confirms and extends our understand-
ing of the nature and impact of differential immune selection by
closely related HLA alleles, a number of limitations merit men-
tion. The present study focused only on known optimal epitopes
in Gag, Pol, and Nef and was restricted to a cohort of clade C-in-
fected individuals. Furthermore, working with high-resolution
HLA data reduces statistical power for most rare alleles, a problem
that is quadratically compounded when coexpression of high res-
olution types is considered. Finally, although the large number of
associations identified in this and other studies suggests that many
escape polymorphisms are repeatedly selected in individuals
expressing the same allele, the present study also identified a
number of novel, rare escapes and suggested the presence of
even rarer undetected escapes. It is unknown to what extent
such rare escapes occur in vivo, to what extent they contribute
to immune evasion, or whether their selection is attributable to
specific environmental or genetic contexts. Large data sets that
include thousands of ethnically diverse individuals, coupled
with expanded high-fidelity epitope data, will be necessary to
fully appreciate the extent and specifics of differential immune
escape and the implication of alternative escape pathways on
vaccine design.
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