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HLA class I-associated polymorphisms identified at the population level mark viral sites under immune pressure by individual
HLA alleles. As such, analysis of their distribution, frequency, location, statistical strength, sequence conservation, and other
properties offers a unique perspective from which to identify correlates of protective cellular immunity. We analyzed HLA-associated HIV-1 subtype B polymorphisms in 1,888 treatment-naïve, chronically infected individuals using phylogenetically informed methods and identified characteristics of HLA-associated immune pressures that differentiate protective and nonprotective alleles. Over 2,100 HLA-associated HIV-1 polymorphisms were identified, approximately one-third of which occurred inside
or within 3 residues of an optimally defined cytotoxic T-lymphocyte (CTL) epitope. Differential CTL escape patterns between
closely related HLA alleles were common and increased with greater evolutionary distance between allele group members.
Among 9-mer epitopes, mutations at HLA-specific anchor residues represented the most frequently detected escape type: these
occurred nearly 2-fold more frequently than expected by chance and were computationally predicted to reduce peptide-HLA
binding nearly 10-fold on average. Characteristics associated with protective HLA alleles (defined using hazard ratios for progression to AIDS from natural history cohorts) included the potential to mount broad immune selection pressures across all
HIV-1 proteins except Nef, the tendency to drive multisite and/or anchor residue escape mutations within known CTL epitopes,
and the ability to strongly select mutations in conserved regions within HIV’s structural and functional proteins. Thus, the factors defining protective cellular immune responses may be more complex than simply targeting conserved viral regions. The
results provide new information to guide vaccine design and immunogenicity studies.

H

IV-1 is notorious for its genetic diversity and its ability to
adapt to selection pressures (44, 87, 116). Despite this, within-host HIV-1 evolution in response to antiretroviral (61, 72),
host cellular immune (15, 50, 71, 94, 95), antibody (46), and vaccine-induced (103) selection pressures occurs along generally predictable mutational pathways (3, 84). Studying these evolutionary
pathways can offer insight into the immunopathogenesis of
HIV-1 and may help inform the design of immune-based interventions and vaccines.
Substantial progress has been made in our understanding of
HIV-1’s ability to evade human leukocyte antigen (HLA) class
I-restricted CD8⫹ cytotoxic T-lymphocytes (CTL). In particular,
application of novel statistical methods (13, 25, 84) to large population-based data sets of linked host and viral genetic information has facilitated the systematic identification of HLA-associated
immune escape and covarying mutations in HIV-1 (19, 20, 60, 81,
99, 104), revealing important insights into HIV-1 adaptation to its
host. We now appreciate that immune selection represents a major force shaping HIV-1 diversity (3, 80, 84) and that HIV-1 escape
pathways are generally predictable in the context of host HLA
allele expression (3, 19, 84). Immune escape mutations occur
within and outside CTL epitopes (13, 20, 60, 99, 104) and can
compromise peptide-HLA binding (8, 65), disrupt intracellular
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antigen processing (35, 122), affect T-cell recognition of the peptide-HLA complex (23, 58, 59, 96, 117), and/or potentially affect
killer immunoglobulin-like receptor (KIR) binding (16, 113).
While some escape pathways are likely to be universal across HLA
alleles and/or HIV-1 subtypes, widespread examples of differential escape between infected populations (9, 60) and between
closely related HLA class I alleles (26, 69, 86) have also been demonstrated. Population-level studies have also allowed us to estimate rates (18) and clinical implications (21, 81) of immune escape, infer fitness costs of specific mutations (81), discover novel
epitopes in conventional (5, 13) and cryptic (10, 12) reading
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Lessons from Immune Escape in HIV-1

MATERIALS AND METHODS
IHAC. The International HIV Adaptation Collaborative (IHAC) is an
open multicenter cohort of chronically infected antiretroviral-naïve individuals from Canada, the United States, and Australia for whom HLA
class I and nearly full-genome HIV plasma RNA sequences have been
characterized. The present study was restricted to 1,888 HIV-1 subtype
B-infected individuals (⬎95% of total cohort), including 1,103 individuals from the British Columbia HOMER cohort (British Columbia, Canada) (19, 20), 247 individuals from the Western Australian HIV Cohort
Study (WAHCS; Western Australia, Australia) (13, 77, 84), and 538 U.S.
AIDS Clinical Trials Group (ACTG) protocol 5142 participants (4, 60)
who also provided human DNA under ACTG protocol 5128 (51). This
newly expanded cohort is approximately one-third larger than that studied in 2009 (20) and now features full-proteome HIV coverage. Ethical
approval was obtained from Providence Health Care/University of British
Columbia (HOMER cohort), Royal Perth Hospital Ethics Committee
(WAHCS), and the NIH’s National Institute of Allergy and Infectious
Diseases (NIAID) Clinical Science Review Committee (CSRC) (ACTG
5142/5128).
HIV-1 sequencing. Nearly full-genome plasma HIV-1 RNA sequencing (all regions except gp120) for the HOMER cohort was performed at
the BC Centre for Excellence in HIV/AIDS (BCCfE) as described in reference 20. Briefly, HIV RNA was extracted from plasma using standard
methods, and regions of interest were amplified by nested reverse tran-
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scription-PCR (RT-PCR) using HIV-specific primers. Amplicons were
bulk sequenced on an Applied Biosystems 3100, 3700, and/or 3730xl automated DNA sequencer. Data were analyzed using Sequencher software
(Genecodes) or the custom software RECall (120). Nucleotide mixtures
were called if the secondary peak height exceeded 25% of the dominant
peak (Sequencher) or if the secondary peak area exceeded 20% of the
dominant peak (RECall). Nearly full-genome HIV-1 sequencing for the
WAHCS and ACTG 5142/5128 cohort participants was performed at
the Centre for Clinical Immunology and Biological Statistics (CCIBS)
laboratory in Perth, Australia, as previously described (20, 60). Plasma
HIV RNA was extracted using standard methods, and nearly complete
viral genomes were amplified using nested RT-PCR. Amplicons were bulk
sequenced using an Applied Biosystems 3730xl automated sequencer.
Data were analyzed using semiautomated ASSIGN software with a nucleotide mixture threshold of 15% after consideration of the signal/noise
ratio, yielding nearly full-genome sequences. The BCCfE and CCIBS previously undertook blinded interlaboratory genotyping quality control
comparisons and observed excellent intersite concordance (20; also unpublished data).
Non-subtype B sequences were identified by comparison to subtype
references in the Los Alamos HIV Database using the Recombination
Identification Program (RIP [http://www.hiv.lanl.gov/content/sequence
/RIP/RIP.html]) and removed from the analysis. HIV-1 sequences were
aligned to subtype B reference strain HXB2 (GenBank accession number
K03455). Final HLA/HIV sequence data set sizes were as follows: Gag,
1,548 sequences; Pol, 1,799 (protease/reverse transcriptase [PR/RT],
1,786; integrase [INT], 1,566); Nef, 1,685; Vif, 1,325; Vpr, 1,310; Vpu,
1,243; gp120, 655; gp41, 1,425; Tat, 1,734; and Rev, 1,731. HIV-1 sequences from the ACTG, Perth, and HOMER cohorts were previously
deposited in GenBank (3, 19–21, 60). Accession numbers for additional
HOMER sequences are JX147023 to JX147784 (gp41), JX147785 to
JX148365 (Tat/Rev exon 1 region), JX148366 to JX148914 (Vpu), and
JX148915 to JX149509 (Vif). Linked HLA/HIV data sets from the BC
HOMER cohort are available for sharing with interested researchers in
accordance with UBC/Providence Health Care Research Ethics Board
protocols (please contact the corresponding author for information).
HLA class I sequence-based typing and subtype imputations. HLA
class I typing for the HOMER cohort was performed at the BCCfE using
an in-house sequence-based typing protocol and interpretation algorithm
(19, 20, 32), yielding a mixture of intermediate- and high (subtype-level)resolution data. High-resolution HLA class I typing for the WAHCS and
ACTG 5142/5128 cohorts was performed at the CCIBS as previously described (20, 60). Allele interpretation was performed using ASSIGN (60).
In previous studies we had addressed the issue of mixed-resolution
HLA data by truncating all data to the two-digit (type) level (19–21).
However, in the present study we wished to identify HLA-associated polymorphisms at the supertype and subtype levels, which requires high-resolution data. Therefore, for all individuals with missing or low- or intermediate-level resolution at one or more loci (711 of 1,888; 38%), we
employed a machine learning algorithm trained on a data set of complete
high-resolution HLA-A, -B, and -C types from ⬎13,000 individuals with
known ethnicity (75) (available at http://research.microsoft.com/en-us
/projects/bio/mbt.aspx#HLA-Completion) to complete the data to high
resolution at all loci. The resulting output lists the inferred possible
HLA-A, -B, and -C haplotypes, along with their respective probabilities,
for each individual. Rather than assigning individuals their highest-probability HLA haplotypes, downstream analyses incorporate all HLA haplotypes with probabilities of ⬎1% as weighted averages for each individual.
HLA types could not be imputed when data were missing from two (or
more) loci. In such cases, an HLA haplotype containing null values for the
missing data and a probability of 1.0 were used.
Identification of HLA-associated polymorphisms. HLA-associated
polymorphisms were identified using phylogenetically informed methods
as previously described (20, 24–26), with some modifications. Briefly, a
maximum-likelihood phylogenetic tree is constructed for each gene, and
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frames, and forecast the consequences of continued immune-mediated adaptation for the future of the epidemic (64, 73). These
and other findings have led to recommendations that escape information be incorporated into HIV-1 vaccine strategies, for example, via immunogens that incorporate variant sequences (13,
100) and/or that are located in mutationally constrained regions
where viral escape mutations would be anticipated to incur substantial fitness costs (7, 30, 102).
Although population-level studies have significantly advanced
our understanding of the specific mutational pathways whereby
HIV-1 escapes from HLA-restricted immune pressures, much remains to be learned. The key to further exploring these data lies in
the recognition that HLA-associated polymorphisms identified at
the population level serve as markers of viral sites under strong in
vivo immune pressure by individual HLA alleles—sufficiently
strong that the virus responds by escape. As such, analysis of the
distribution, frequency, location, statistical strength, and sequence conservation of HLA-associated polymorphic sites identified at the population level offers a unique perspective from which
to identify (albeit indirectly) specific features that render certain
immune responses more effective at controlling HIV progression
than others. In other words, systematic analysis of HLA-driven
evolutionary “imprints” on the HIV proteome can help identify
correlates of protective cellular immunity.
In the largest population-level, proteome-wide analysis of immune escape in HIV-1 undertaken to date, we refine existing immune escape data by reporting HLA-associated polymorphisms at
HLA supertype-, type-, and subtype-level resolutions across the
viral proteome in an HIV-1 subtype B context. We analyze this
well-powered data set to investigate the characteristics of HLAdriven immune selection on HIV-1 in order to draw inferences
regarding the general mechanisms HIV-1 uses in vivo to evade
such pressures. Furthermore, by treating escape mutation pathways as evolutionary markers of strong HLA-restricted immune
pressure by CTL, we identify specific features of these responses
that differentiate protective from nonprotective HLA class I alleles.
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When comparing unique HLA (type)-HIV codon pairs, 82% of associations derived from the imputed data set matched those derived from the
high-resolution data set, a result that is expected given the false-discovery
rate of 0.2 and the expected loss of statistical power when imputed data are
analyzed.
Testing for differential escape. The statistical model for differential
escape among HLA subtypes belonging to a given allele group (type) was
defined as previously described (26). However, whereas the previous
study (26) explicitly investigated differential escape within published
epitopes, here we tested for differential escape in general across the entire
proteome, that is, cases where one subtype selects a given polymorphism
and another does not select for that polymorphism or selects for that
polymorphism at a lower frequency. As such, differential escape in the
present context could be due to less effective (or lack of) responses to
specific epitopes. Briefly, the phylogenetically corrected logistic regression
model was used to test for evidence that the odds of selection differed
between an HLA type and a particular subtype. For example, to test if the
probability P of escape to 242N (in p24Gag) differed between B*58:01 and
the rest of the B*58 subtypes, we used the phylogenetically corrected logistic regression model defined by the following: ln[P/(1 ⫺ P)] ⫽
a(B58) ⫹ b(B5801) ⫹ cT, where T is a ⫺1/1 binary variable representing
the transmitted polymorphism, B58 and B5801 are 0/1 binary variables
indicating whether the individual has the HLA allele in question, and the
parameters (a, b, and c) are chosen to maximize the likelihood of the data.
The likelihood ratio was then used to test the null hypothesis that b ⫽ 0
(i.e., that knowing that an individual expresses B*58:01 confers no additional information beyond knowing that the individual expresses B*58).
To validate the distinction between associations identified at typeversus subtype-level resolution, we applied the above model as follows.
For each association originally identified at the subtype level, we tested for
differential escape between the identified subtype and the corresponding
HLA type. If the resulting q value was less than 0.2, we considered the test
an instance of true differential escape (differential escape was confirmed
in ⬎80% of cases where escape was originally defined at the subtype level).
For each association originally defined at the type level, we tested for
differential escape against all subtypes observed in at least 10 individuals
in the subset for whom high-resolution HLA data were available across all
loci (1,177 of 1,888 subjects, or 62%). Together, a total of 29 HLA types
with at least two subtype members were available for analysis. If the q
value of the most significant such test was less than 0.2, we considered the
HLA-polymorphism pair to represent a true instance of differential escape
(a reclassification that occurred in ⬍20% of cases where escape was originally defined at the type level). For both positional analyses and analyses
involving the stratification of tests by HLA type, we limited the analysis to
the most significant HLA-type/HIV-position pair to avoid double counting nonadapted/adapted pairs.
Calculation of median genetic distances among HLA alleles of a
given type. To estimate relative protein distances among HLA subtypes
included in our differential escape analysis (see above), we retrieved their
exon 2 and 3 amino acid sequences from http://hla.alleles.org/data/txt
/classi_prot.txt (98) and used the protdist program from the PHYLIP
software package (41) to calculate pairwise distances using the Henikoff
Tillier probability matrix from blocks (PBM) model of amino acid replacement (119). For each HLA allele group (type), the median pairwise
genetic distance between subtype members (intratype distance) was calculated.
Definition of optimally defined CD8ⴙ epitopes. The Los Alamos optimal CD8⫹ epitope list comprises all published epitopes defined according to
rigorous in vitro epitope fine-mapping and HLA restriction experiments
(http://www.hiv.lanl.gov/content/immunology/tables/optimal_ctl
_summary.html; 31 August 2009 update) (76). However, optimal epitopes
have not necessarily been tested in context of all possible restricting HLA
alleles, nor are the alleles defined at the same resolution (i.e., HLA type, subtype, or serotype) throughout. To address these biases (and in recognition
that alleles with shared properties are likely to present similar peptides (111),
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a model of conditional adaptation is inferred for each observed amino
acid at each codon. In this model, the amino acid is assumed to evolve
independently along the phylogeny until it reaches the observed hosts
(tree tips). In each host, the selection pressure arising from HLA-mediated T-cell responses and amino acid covariation is directly modeled using
a weighted logistic regression, in which the individual’s HLA repertoire
and covarying amino acids are used as predictors, and the bias is determined by the transmitted sequence (26). Because the transmitted sequence is not observed, we average over the possible transmitted sequences, as inferred from the phylogeny.
We extended this approach to incorporate predicted high-resolution
HLA data as follows. For each subject in the cohort, a number of “fractional” individuals are generated, representing each possible transmitted
polymorphism as well as each possible completed HLA repertoire, with
fractional weights representing the probability of observing the given
HLA repertoire and transmitted polymorphism, as determined by the
HLA completion (see above) and phylogeny, respectively. When the observed polymorphism represents a mixture, we extend the weighting
scheme to represent all possible mixture outcomes, with relative weights
inversely proportional to the number of amino acids in the mixture. Maximum-likelihood estimation for logistic regression and phylogenetic parameters is jointly estimated using expectation maximization (34).
To identify which factors contribute to the selection pressure, a forward selection procedure is employed, in which the most significant association is iteratively added to the model, with P values computed using
the likelihood ratio test. To increase our statistical power, each codon is
divided into a set of binary variables, one for each observed amino acid. In
addition, we consider only HLA alleles and amino acids that are observed
in at least 10 individuals in the population or for which at least 10 individuals do not express the HLA or polymorphism. In the case of imputed
HLA alleles, we use the expected number of individuals expressing that
allele, where expectation is taken with respect to the HLA completion
probability. Statistical significance is reported using q values, the P-value
analogue of the false-discovery rate (FDR), for each P-value threshold
(114). The FDR is the expected proportion of false positives among results
deemed significant at a given threshold; for example, at a q of ⱕ0.2, we
expect 20% of identified associations to be false positives. We compute q
values separately for each protein.
HLA-associated polymorphisms are grouped into two categories: (i)
amino acids significantly enriched in the presence of the HLA allele in
question (“adapted” forms) and (ii) amino acids significantly enriched in
the absence of the HLA allele in question (“nonadapted” forms). To provide an example, the B*27-associated R264K is a well-known escape mutation that commonly occurs at position 2 of the KK10 epitope in p24Gag
(65). At this codon, “R” represents the B*27-associated nonadapted form
while K represents the B*27-associated adapted form. In general, nonadapted forms correspond to the subtype B consensus sequence while
adapted forms correspond to polymorphic variants, but exceptions occur.
In addition, we will sometimes differentiate between “direct” and “indirect” HLA-associated polymorphisms: the former represent associations
that are detected when HIV sequence covariation is considered, and the
latter arise only when covarying amino acids are not considered (and thus
may include compensatory mutations). Analyses in this paper employ all
observed direct and indirect associations.
Verifying the impact of HLA imputation on the ability to identify
HLA-associated polymorphisms. As described above, some level of HLA
imputation was required for 711 of 1,888 (38%) individuals in the present
study. To investigate the impact of HLA imputation on identification of
HLA-associated polymorphisms in a “worst-case” scenario, we took the
subset of patients for whom full high-resolution data were available (1,177
patients), truncated all HLA types to two-digit resolution, and reimputed
them to high resolution. The highest-probability imputed allele matched
the original call in 93% of cases. We then identified HLA-associated polymorphisms from the imputed data set and compared to those obtained
from analysis of the same data set at high resolution (data not shown).
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and computing the median for all sites per HLA). Where appropriate,
analyses were undertaken at both the proteome-wide and individual-protein levels (defined as Gag, Pol, Env, Nef, and accessory) to identify location-specific correlates of protection.
Multivariate analyses were attempted using a small number of distinct
variables significant at the univariate level. To maximize the number of
HLA alleles included in the multivariate analysis, alleles with “missing”
variables (e.g., those excluded from the original univariate analysis of OR
of escape in Gag because they possessed no escape sites in that protein)
were assigned the mean observed value in the data set. Selected variables
were regressed against log-transformed HR-AIDS values by automated
forward selection using a stepwise Akaike information criterion (AIC)
procedure (2).

RESULTS

Identification of HLA-associated polymorphisms at three levels
of HLA resolution. HLA-associated polymorphisms were identified across the entire HIV-1 proteome in an international cohort
of 1,888 treatment-naïve, chronically subtype B-infected individuals using phylogenetically informed methods that incorporated
corrections for HIV codon covariation and HLA linkage disequilibrium (20, 25, 26) and used a q-value correction for multiple
tests (114). Missing or low- or incomplete-resolution HLA data
were imputed to subtype-level resolution using a published machine learning algorithm (75), and associations were computed by
averaging over all possible HLA resolutions (see Materials and
Methods); this represents the first use of HLA completion algorithms in population-level immune escape analyses.
Studies of HLA-associated polymorphisms have generally featured individual pairwise analyses at the HLA type (i.e., 2-digit)
and/or subtype (i.e., 4-digit) levels (19, 20, 25, 104). Supertypelevel analyses have been uncommon even though statistical power
could be enhanced to identify universal escape pathways within
epitopes capable of binding related alleles. We therefore report
HLA-associated polymorphisms at three different levels of resolution: first, at the combined supertype/type/subtype levels; second; at the combined type/subtype levels; and third; at the subtype
level only. In the first two analyses, the level of resolution yielding
the lowest P value for each HLA-associated polymorphism is reported (that is, if the statistical signal for the association is stronger
at the supertype than at the type or subtype level, then it is reported at the supertype level). A full list of HLA-associated polymorphisms identified at all three levels of resolution is provided in
Table S2 in the supplemental material, while a full list of intraprotein codon covariation pathways is provided in Table S3. In addition, protein-specific immune escape maps for all associations
with a q of ⱕ0.05 identified at the broadest (supertype/type/subtype) resolution level analysis are provided in Fig. S1 in the supplemental material.
At a q of ⬍0.2, over 2,100 unique HLA-associated escape pathways (defined as those unique over HLA restriction, HIV codon
coordinate, amino acid, and direction of escape) occurring at over
750 HIV-1 codons were identified (see Table S2). When the inherent sequence conservation of each HIV protein was taken into
consideration, the proportion of sequence variation attributable,
at least in part, to HLA selection pressures (defined as the proportion of sites harboring at least one HLA-associated polymorphism) differed markedly by viral protein (Fig. 1). For example,
with 59% of its residues exhibiting ⱖ99.5% amino acid conservation, p24Gag is the most highly conserved HIV-1 protein, yet HLA
pressures influence sequence variation at 40% of its variable
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we expanded each optimal epitope to include all members of the HLA type,
supertype, or serotype to which the published restricting allele belonged, as
described in reference 26. Briefly, optimally defined epitopes were retrieved
from the Los Alamos Database and hand edited to include recently published
epitopes (22, 48, 55, 66, 69, 74, 79, 105; also A. Bansal and P. Goepfert, personal communication). For optimal epitopes restricted by HLA alleles defined at type- or subtype-level resolution, we expanded to include all subtypes
belonging to the supertype to which the restricting allele belonged (111). For
example, an epitope originally defined as B*57:01 restricted was assigned to all
members of the B58 supertype. For epitopes restricted by alleles defined at the
serotype level (n ⫽ 38), we expanded the list to include all HLA alleles belonging to that serotype (54), identified supertypes common to a majority of the
resulting expansion, and expanded the list to include all subtypes matching
those supertypes. If no supertype was defined (as is the case for HLA-C alleles), we expanded the list to include all HLA subtypes belonging to the HLA
type of the original restricting allele. The full list of expanded epitopes (along
with their original restrictions) is provided in Table S1 in the supplemental
material.
Analysis of population-level immune escape pathways to identify
correlates of protective immunity: data definitions. Protective effects of
specific HLA class I alleles on HIV progression were defined according to
published hazard ratios for progression to AIDS (HR-AIDS), determined
for 54 individual class I alleles at type-level (2-digit) resolution in a natural
history cohort of 600 Caucasian seroconverters (89). To allow analysis at
subtype-level resolution using HLA-associated polymorphisms specific to
the population in which HR-AIDS were originally derived, we assigned
each HR to the most frequently observed HLA subtype in Caucasians (e.g.,
A*02 was assigned to A*02:01) and analyzed only HLA-associated polymorphisms restricted by these subtypes. In both univariate and multivariate analyses, HR-AIDS values were log transformed to render their distribution more normal.
HLA-associated polymorphism-related variables that we investigated
could be classified into two broad categories: features related to the frequency and/or distribution of sites under selection by a given HLA allele
(defined as unique HIV codons harboring a polymorphism associated
with that HLA allele) and features related to the signal strength of sites
under HLA selection and/or to evolutionary constraints on the sites themselves. The first category contained the following variables: (i) number of
sites under HLA selection (computed as the total number of HLA-associated polymorphic sites in HIV-1, both overall and within/near published
epitopes only); (ii) proportion (percent) of sites under HLA selection, by
protein (computed as the proportion of the total HLA-associated sites
occurring within the HIV-1 protein of interest); (iii) number of sites under HLA selection occurring at anchor residues (computed as the total
number of HLA-associated sites occurring at anchor positions within
known epitopes); (iv) proportion (percent) of sites under HLA selection
occurring at anchor residues (proportion of total HLA-associated sites
inside or within ⫾ 3 amino acids [aa] of an epitope that occurred at an
anchor position); (v) number of active epitopes (defined as the number of
published epitopes harboring HLA-associated polymorphisms); and (vi)
median number of sites under HLA selection per active epitope. The second category contained the following variables: (vii) median odds ratio
(OR) of selection (computed by taking the maximum absolute log odds
ratio of all nonadapted and adapted associations per HLA at each unique
site, followed by computing the median of all sites per HLA, where the
odds ratio for a given HLA-polymorphism pair was computed as the ratio
of the odds of observing the polymorphism among individuals expressing
the allele to the odds of observing the polymorphism among individuals
not expressing the allele); (viii) median conservation of sites under HLA
selection (defined as the median sequence conservation of all sites associated with a particular HLA, where conservation was defined to be the
proportion of individuals with the consensus sequence among individuals
who did not express any HLA alleles associated with that site) (102); and
(ix) median number of covarying codons per site (computed by summing
the number of unique HIV-1 codons identified as covarying with each site
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exhibiting ⱖ99.5% amino acid conservation at the population level in our cohort and the proportion of variable codons (those exhibiting ⬍99.5% amino acid
conservation) harboring no known HLA-associated polymorphisms are indicated, along with the proportion of codons harboring at least one HLA-associated
polymorphism. Numbers in parentheses in the x-axis labels indicate the total length in amino acids of each protein (including the stop codon, if present). **, P
⬍ 0.001; ***, P ⬍ 0.0001 (Fisher’s exact test compared to all other proteins combined).

codons. HLA-mediated polymorphisms were observed most frequently in the highly immunogenic Nef protein, where 67.4% of
variable codons harbor HLA associations (P ⫽ 1.9 ⫻ 10⫺18; Fisher’s exact test compared to other proteins). Conversely, the highly
variable Vpu protein exhibited the least evidence of HLA-driven
evolution (26.3% [P ⫽ 0.009]) (Fig. 1) (19, 52, 60). Across the
entire HIV-1 proteome, polymorphisms at 804 of 1,481 (35.2%)
variable sites were associated with at least one HLA allele.
The extent of differential CTL escape between subtype members varies markedly by HLA. Although the HLA-associated
polymorphisms identified at the three different levels of HLA resolution are highly concordant (see Table S2 in the supplemental
material), each analysis features relative merits and limitations.
Analysis at broader resolution can enhance statistical signal when
related alleles bind the same epitope and escape along the same
pathway. For example, the Gag-TW10 epitope binds many members of the B58 supertype. At Gag codon 242 (position 3 of this
epitope), relative odds of escape are 193:1 for B58 supertype members compared to non-B58 supertype members (P ⫽ 1.6 ⫻
10⫺117). However, when relative odds are calculated at the type
(e.g., B*57) or subtype (e.g., B*57:01) level, lower odds are observed (128:1, P ⫽ 1.2 ⫻ 10⫺87, and 114:1, P ⫽ 5.4 ⫻ 10⫺72,
respectively) because persons harboring closely related alleles
(e.g., B*58 and/or B*58:01) are classified as lacking the specific
allele under investigation even though they also select the same
escape mutation. Conversely, when alleles belonging to the
same type or supertype bind different peptides or select different escape pathways, analyzing at broader resolution may yield
inappropriate results while still achieving high levels of statistical significance and may mask differential escape (where similar HLA alleles bind the same epitope but escape along distinct
pathways) (26). For example, despite belonging to the B58 supertype, B*58:02 does not select for the T242N escape mutation
(see Table S2).
Notably, even when analyzed at the broadest resolution level,
the majority of HLA-associated polymorphisms (62%) are still
subtype restricted, while only 31% and 7% are type and supertype
restricted, respectively. These distributions were robust to HLA
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imputation (see Materials and Methods and Fig. S2 in the supplemental material). To characterize the extent of differential escape
between and within HLA types/subtypes across the HIV-1 proteome, we applied recently developed techniques (26; see also Materials and Methods) to explicitly test for differential escape (defined here as cases where one subtype selects a polymorphism and
another selects a different— or no—polymorphism at any given
codon). Overall, we estimate that when polymorphisms are identified at the type level, there is an 81.5% chance that no differential
escape occurs at the subtype level. Conversely, when polymorphisms are identified at the subtype level, there is an 81.2% chance
that the subtype of interest indeed displays a significant differential escape pattern compared to the type as a whole (data not
shown). Given our 20% false-discovery rate significance threshold, results indicate that our method of reporting associations at
the level of resolution yielding the lowest P value is broadly appropriate. Stratifying analyses by individual HLA alleles revealed that
the heterogeneous B*15 type exhibited the most evidence for differential escape (with over 85% of pathways being unique at the
subtype level) while B*07 exhibited the least (with only 20% of
pathways being unique at the subtype level) (Fig. 2A). Overall,
differential CTL escape was widespread at the subtype level, with
allele group members exhibiting distinct escape mutations in 58%
of the cases on average (HLA-A, 63%; HLA-B, 55%; HLA-C,
60%).
The underlying mechanisms that drive differential CTL escape
are unclear and may include differences in epitope binding, T-cell
receptor (TCR)-HLA-epitope interactions, TCR repertoire, or
may reflect differences that result from linkage of certain HLA
subtypes to other factors, such as antigenic exposure, antigenic
processing, or linkage with other HLA class I or class II alleles (26).
In support of a mechanism that involves properties of the HLA
alleles themselves, we observed a striking positive correlation between the overall genetic divergence of HLA exons 2 and 3 (the
major genetic determinants of the peptide-HLA binding groove)
between allele group members (see Fig. S3 in the supplemental
material) and the frequency of differential escape between them
(Spearman R ⫽ 0.60; P ⫽ 0.0043) (Fig. 2B).
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FIG 1 The proportion of sequence variation attributable to HLA-associated selection pressures differs markedly by HIV-1 protein. The proportion of codons

Lessons from Immune Escape in HIV-1

Enrichment of escape at epitope-HLA anchor residues. We
next examined the distribution and positioning of HLA-associated polymorphisms with respect to CTL epitopes (76). Our initial
epitope reference list consisted of all optimally described CTL
epitopes restricted by one or more HLA class I alleles. We then
expanded this list by assigning the published epitope to all allele
group members (i.e., subtypes) belonging to the HLA allele group
(i.e., supertype, type, or serotype, depending on the published
restriction) to which the original published epitope belonged (see
Materials and Methods and Table S1 in the supplemental material). For example, an epitope originally defined as B*57:01 restricted was assigned to all members of the B58 supertype. Since all
epitopes on our expanded list were defined at subtype-level resolution, we utilized the subtype-level HLA-associated polymorphism list in the following analysis although sensitivity analyses
confirmed that results were consistent regardless of the association list used (data not shown).
Of the 2,161 HLA-restricted viral escape pathways identified at
subtype-level resolution, 29% occurred inside or within ⫾3 residues of an optimally described CTL epitope. This value was 21.5%
when epitope expansion was not undertaken. In support of including flanking regions in the epitope definition, a bootstrap
analysis (100,000 replicates) indicated that escape frequency at
epitope flanking residues was significantly higher than escape outside epitopes and their immediate flanking regions for HLA-B
alleles (P ⫽ 0.00012) though this was not significant for HLA-A or
-C alleles. Because the majority of defined epitopes are 9-mers, we
first examined these. Of the 262 unique 9-mer HLA-epitope pairs
(defined as epitopes restricted by the same HLA supertype and
mapping to the same HIV coordinates) for which an HLA-associated polymorphism was identified, positions 2 and 3 and the C
terminus represented the most frequently escaping sites, while
escape at N-terminal flanking residue ⫺3 and C-terminal flanking
residue ⫹2 was less frequent than expected under the null hypothesis of equal escape frequency across all sites within/flanking
epitopes (binomial test for departure from expected 1/15 fre-
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quency, all P ⬍ 0.01) (Fig. 3A). Stratification by locus revealed that
HLA-A-restricted epitopes tended to select for escape mutations
at position 3 and the C terminus, HLA-B-restricted epitopes typically developed escape mutations at position 2, and the limited
number of HLA-C epitopes most often encoded C-terminal escape mutations (see Fig. S4 in the supplemental material).
Classification of escape mutations with respect to their position at an anchor residue (defined according to HLA subtypespecific anchor motifs available at http://www.hiv.lanl.gov
/content/immunology/motif_scan/motif.html) (37, 78, 91, 110)
revealed that escape occurred at anchor residues 1.8-fold more
frequently than expected under the null hypothesis of equal escape
frequency across all sites within/flanking epitopes (binomial test
for departure from expected 2/15 frequency, P ⫽ 1.0 ⫻ 10⫺5) (Fig.
3B) and 1.4-fold more frequently than expected across all sites
within the epitope only (binomial test for departure from expected 2/9 frequency, P ⫽ 0.003) (data not shown). The frequency
of escape at N- and C-terminal epitope flanking residues was
nearly 2-fold lower than that expected under the null hypothesis
of equal escape frequency across all sites within/flanking epitopes
(binomial test for departure from expected 6/15 frequency, P ⬍
1.0 ⫻ 10⫺5) (Fig. 3B). Moreover, the average statistical strength of
escape at anchor sites (measured as the maximum absolute natural-log-transformed odds ratio [lnOR] for each unique HLA-HIV
codon pair) was modestly yet significantly increased compared to
that of nonanchor or flanking sites (median lnOR of 2.15 [interquartile range (IQR), 1.15 to 2.58] for anchor sites versus 1.62
[IQR, 0.93 to 2.35] for nonanchor sites versus 1.30 [IQR, 0.81 to
1.98] for flanking regions; Kruskal-Wallis, P ⫽ 0.035) (Fig. 3C).
Epitopes of other lengths (8-, 10-, and 11-mer [8/10/11-mer];
n ⫽ 201) were also examined. To ensure alignment of anchor
residues, positions were analyzed with respect to their distance
from the N and C termini. Relatively uniform frequency of escape
was observed at epitope positions 1 to 4 and at the penultimate
and C-terminal positions, while escape at position C⫺3 (three
positions upstream of the C terminus) was relatively rare (Fig.
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FIG 2 Widespread differential escape between HLA allele group members correlates with evolutionary distance between HLA genes. Individual HLA-A, -B, and
-C types are indicated. The proportion of differential escape (defined as the proportion of HLA-associated polymorphisms for which the odds of escape differed
significantly between at least one HLA subtype and the rest of the group) differs markedly for various common types of the HLA-A, -B, and -C loci (A). HLA types
exhibiting the highest level of differential escape were those exhibiting the greatest intratype genetic diversity (B). HLA-B*07 and B*15 (exhibiting the highest and
lowest proportion of differential escape, respectively) and B*40 are labeled for special interest.
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3D). When analyzed separately, 10-mers tended to escape more
frequently at position 3 but not the C terminus, while 11-mers
tended to escape more frequently at position 4 (see Fig. S4 in the
supplemental material), an observation that may be due to the
bulging of oversized epitopes and its effect on TCR contacts (83).
Overall, a 1.45-fold enrichment of escape mutations at anchor
residues was observed compared to other sites within and flanking
the epitopes (P ⫽ 0.014) (Fig. 3E); however, this did not remain
significant when analysis was restricted to within-epitope sites
only (P ⫽ 0.3) (data not shown). The average statistical strength of
escape (lnOR) did not differ significantly between anchor and
nonanchor sites for 8-, 10-, and 11-mer epitopes (median lnOR
was between ⬃1.4 and 1.5 for all positions; P ⫽ 0.89) (Fig. 3F).
Estimating the effect of anchor residue escape on HLA binding. Given the enrichment of CTL escape mutations at HLA anchor residues, we next estimated the extent to which these mutations were predicted to affect peptide-HLA binding using
NetMHCpan2.4, an artificial neural network-based peptide-HLA
binding prediction tool trained on ⬎37,000 quantitative binding
data for more than 42 different HLA molecules (88). For each
HLA-associated adapted polymorphism that occurred inside an
epitope (147 9-mers and 133 8/10/11-mers), we compared the
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predicted HLA binding affinity for the published epitope in its
HLA-restricted nonadapted (i.e., susceptible) versus its HLA-associated adapted (i.e., escaped) form, using the subtype B consensus for the epitope backbone (in cases where no HLA-restricted
nonadapted residue was identified, the subtype B consensus residue was used). After removing epitopes predicted to bind the restricting HLA with a 50% inhibitory concentration (IC50) of
⬎1,000 nM in their nonadapted form (representing a 2-fold lower
affinity than NetMHCpan2.4-defined weak binding threshold,
which included 30 9-mers and 38 8/10/11-mers), we calculated
that anchor residue escape in 9-mer epitopes was predicted to
reduce peptide-HLA binding by a median of 8.9-fold (IQR, 3.7- to
52.1-fold) compared to 1.25-fold (IQR, 0.80- to 1.99-fold) at nonanchor sites (Fig. 4A). Among 8/10/11-mer epitopes, anchor residue escape was predicted to reduce peptide binding a median of
8.9-fold (IQR, 1.9- to 114.3-fold) compared to 1.0-fold (IQR,
0.87- to 1.56-fold) at nonanchor sites (Fig. 4B). Overall, 36 out of
212 (17%) within-epitope escape mutations were predicted to
“completely” abrogate peptide-HLA binding, defined as epitopes
which bound with an IC50 of ⬍1,000 nM affinity in their nonadapted form but an IC50 of ⬎1,000 nM affinity in their escaped
form (data not shown).
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FIG 3 The distribution and natural log odds ratio of escape within known epitopes is nonuniform and biased toward anchor residues. The distribution and
natural log odds ratio of escape mutations within known CD8⫹ 9-mer epitopes (A, B, and C) and 8-/10-/11-mer epitopes (D, E, and F) are shown. Frequencies
of escape by relative position within or occurring at the ⫾3 amino acids flanking the epitope N and C termini are depicted as histograms in panels A and D. In
panel D, notation of the type C⫺3 on the x axis indicates the number of positions upstream of the C terminus (in this case, 3). These same data are depicted as
fold differences from expected frequency of escape occurring at HLA-specific anchor, nonanchor, and epitope flanking positions (based on the null hypothesis
of equal escape probability across all positions) and are shown in panels B and E. *, P ⬍ 0.05; **, P ⬍0.001; ***, P ⬍ 0.0001 (binomial test). The natural log of the
odds ratio of escape at HLA-specific anchor, nonanchor, and epitope flanking positions are shown as scatter plots (C and F).

Lessons from Immune Escape in HIV-1

Correlates of protective immunity revealed by analysis of
population-level immune escape pathways. Expression of specific HLA class I alleles is associated with differential rates of
HIV-1 disease progression (27, 62, 89), but the precise mechanisms underlying these effects remain incompletely known (6, 56,
70, 93). Given that HLA-associated polymorphisms identify viral
sites under strong in vivo selection by an HLA allele at the population level, analysis of their frequency, distribution, statistical
strength, sequence conservation, and other characteristics allows
us to identify characteristics that discriminate protective HLA allele-associated immune pressures from nonprotective ones. It is
important to emphasize that, although population-level HLA-associated polymorphisms may allow us to infer specific properties,
tendencies, or attributes that render certain HLA alleles particularly effective at controlling HIV, by no means are we proposing
that selection of escape mutations is beneficial at the individual
patient level.
HLA-associated protective effects were defined according to
published hazard ratios for progression to AIDS (HR-AIDS) derived from a large longitudinal natural history cohort (89; see also
Materials and Methods). We investigated 33 interrelated features
of viral sites under HLA-mediated selection as potential correlates
of protective immunity. These 33 features were divided into two
broad categories: those related to their frequency/distribution
(overall, and within known epitopes) and those related to the statistical strength of selection and/or mutational constraints on the
sites themselves (Table 1). Where appropriate, analyses were undertaken at proteome-wide and individual-protein levels. HLAassociated polymorphisms from the subtype-level analysis were
used.
Of the 33 variables investigated, we identified 12 potential correlates of HLA-mediated protective immunity against disease progression (P ⬍ 0.05, q ⬍ 0.2) (Table 1). Among the strongest correlates of protection was the significant inverse relationship
between total number of sites under selection by a given HLA and
its HR-AIDS (Spearman’s R ⫽ ⫺0.41; P ⫽ 0.0024) (Fig. 5A),
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indicating that protective HLA alleles exert substantial in vivo
pressure on a greater number of sites across the HIV proteome.
This observation was almost exclusively driven by HLA-A and -B
alleles (Spearman’s R ⫽ ⫺0.48; P ⫽ 0.0016) (data not shown).
When analyzed at the individual protein level, this inverse relationship was strongest for Gag and remained significant for all
proteins except Nef, where the trend persisted but was not significant (Table 1).
Notably, no significant correlations were observed between
HR-AIDS and median sequence conservation of sites under selection (where the sequence conservation of a given site was defined
as the proportion of the total cohort harboring the consensus
residue at this position [102]). This remained true when the bias
induced by HLA-mediated selection on these sites was addressed
by excluding persons expressing these alleles from the calculation
of conservation (Table 1). Similarly, no significant correlations
were observed between HR-AIDS and the median number of covarying codons per site under selection. However, significant inverse relationships were observed between an HLA allele’s HRAIDS and the median odds ratio of selection for mutations in Gag
(R ⫽ ⫺0.6, P ⫽ 0.0012) (Fig. 5B) and, to a lesser extent, in Pol
(R ⫽ ⫺0.34, P ⫽ 0.039) but not overall or in other HIV-1 proteins.
Another highly significant proteome-wide correlate of protection was the tendency of protective alleles to select escape mutations at HLA anchor sites within known epitopes (Spearman’s R ⫽
⫺0.47; P ⫽ 0.0052) (Fig. 5C). This effect appeared to be largely
constrained to Pol and Gag (P ⫽ 0.0015 and P ⫽ 0.065, respectively). The median number of sites under selection per epitope in
Gag, but not elsewhere in the viral genome, was also modestly
inversely correlated with HR-AIDS (Table 1).
To attempt to identify which of these features represented the
strongest independent correlates of protection, we investigated a
variety of multivariate models incorporating four of our top “hits”
(median OR of selection in Gag, median OR of selection in Pol,
number sites under selection proteome-wide, and percentage of
selected sites occurring at anchor residues). Unfortunately due to

jvi.asm.org 13209

Downloaded from http://jvi.asm.org/ on November 13, 2018 by guest

FIG 4 Fold changes in predicted peptide-HLA binding affinities following escape at anchor residues. Fold changes in predicted peptide-HLA binding affinities
as a consequence of escape at HLA-specific anchor (versus nonanchor) residues within 9-mer (A) and 8-, 10-, and 11-mer (B) epitopes are shown as Tukey box
plots.
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TABLE 1 Identifying correlates of HLA allele-associated protective immunity
Category

No. of HLA
alleles analyzed

Spearman R

P value

q valuea

Median OR of selection in Gag
No. of sites under selection (proteome-wide)
Proportion of selected sites occurring at HLA anchor residues
(proteome-wide [%])
No. of sites under selection in Gag
No. of sites under selection in accessory proteins
No. of selected sites occurring at HLA anchor residues
(proteome-wide)
No. of sites under selection within/near epitopes (proteome-wide)
No. of active epitopes in Gag
Median no. of sites under selection per epitope in Gag
Median OR of selection in Pol
No. of sites under selection in Env
No. of sites under selection in Pol
Median conservation of selected sites in Nef
Median conservation of selected sites in accessory proteins
Median conservation of selected sites in Env
No. of ites under selection within/near epitopes in Gag
No. of active epitopes (proteome-wide)
Median no. of covarying codons per selected site (proteome-wide)
Median no. of sites under selection per epitope (proteome-wide)
Median conservation of selected sites in Nef
Proportion of sites under selection in Gag (%)
Proportion of sites under selection in Env (%)
Proportion of sites under selection in Nef (%)
Proportion of sites under selection in accessory proteins (%)
No. of sites under selection in Nef
Median OR of escape in Nef
Median no. of covarying codons per site under selection (Gag only)
Median OR of selection in accessory proteins
Median OR of selection in Env
Proportion of sites under selection in Pol (%)
Median conservation of selected sites in Gag
Median OR of selection (proteome-wide)
Median conservation of selected sites in Pol

Strength/constraint
Frequency/distribution
Frequency/distribution

26
53
34

⫺0.60
⫺0.41
⫺0.47

0.0012
0.0024
0.0052

0.04
0.04
0.04

Frequency/distribution
Frequency/distribution
Frequency/distribution

53
53
44

⫺0.38
⫺0.37
⫺0.35

0.0054
0.0058
0.018

0.04
0.04
0.10

Frequency/distribution
Frequency/distribution
Frequency/distribution
Strength/constraint
Frequency/distribution
Frequency/distribution
Strength/constraint
Strength/constraint
Strength/constraint
Frequency/distribution
Frequency/distribution
Strength/constraint
Frequency/distribution
Strength/constraint
Frequency/distribution
Frequency/distribution
Frequency/distribution
Frequency/distribution
Frequency/distribution
Strength/constraint
Strength/constraint
Strength/constraint
Strength/constraint
Frequency/distribution
Strength/constraint
Strength/constraint
Strength/constraint

53
53
22
38
53
53
38
45
32
28
53
51
44
51
51
51
51
51
53
38
26
45
32
51
26
50
39

⫺0.31
⫺0.30
⫺0.46
⫺0.34
⫺0.28
⫺0.28
⫺0.29
0.24
0.28
⫺0.27
⫺0.17
⫺0.17
⫺0.18
0.16
⫺0.14
⫺0.13
0.13
⫺0.13
⫺0.12
0.14
⫺0.084
0.059
⫺0.067
⫺0.0069
⫺0.0068
⫺0.0024
0.0016

0.025
0.027
0.032
0.039
0.045
0.046
0.079
0.11
0.13
0.16
0.23
0.23
0.24
0.25
0.33
0.35
0.36
0.37
0.39
0.40
0.68
0.70
0.72
0.96
0.97
0.99
0.99

0.11
0.11
0.12
0.13
0.13
0.13
0.20
0.25
0.28
0.33
0.41
0.41
0.41
0.42
0.50
0.50
0.50
0.50
0.50
0.50
0.81
0.81
0.81
0.99
0.99
0.99
0.99

a

Shown in boldface are q values of ⬍0.2, indicating potential correlates of HLA-mediated protective immunity against disease progression.

the strong interdependency of these variables and the fact that not
all variables were available for all HLA alleles, multivariate analyses were not robust to changes in model selection procedures. The
only variable that consistently emerged as a significant independent predictor of protection was the number of sites under selection by a given HLA across the HIV-1 proteome (data not shown).
DISCUSSION

HLA-associated polymorphisms identify HIV-1 sites that are under consistently strong immune pressure in vivo and whose sequence diversity is largely driven by HLA. As such, the well-powered nature of this analysis combined with its proteome-wide
focus allowed us to study the frequency, distribution, and characteristics of viral sites under HLA-mediated selection. The proportion of population-level sequence variation attributable, at least in
part, to HLA (defined as the proportion of sites in a given protein
harboring at least one HLA-associated polymorphism) differs
markedly by protein and is independent of the protein’s overall
conservation. For example, whereas the majority of variable Nef
codons are attributable, at least in part, to HLA class I-mediated
pressures, this explains only a quarter of Vpu sequence variation,
implying the existence of other host factors in driving evolution of
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this viral gene (40, 52, 112) (to provide context, nearly 40% of
variable sites in the highly conserved p24Gag protein are associated
with HLA).
Building on recent advances (26, 69), we demonstrated significant variation in the proportion of differential escape among
closely related HLA subtypes, implicating differences in TCR repertoire and/or the interaction between TCR and the epitope-HLA
complex as the underlying mechanisms in at least some cases
(123). Widespread differential escape is consistent with reported
differences in HIV-1 disease progression between HLA alleles differing by as little as 1 amino acid (43, 68, 86) and also supports the
notion that analysis of HLA-associated polymorphisms provides a
novel perspective from which to discriminate both quantitative
and qualitative differences in HLA-restricted immune responses.
Of interest, HLA allele subtype pairs that exhibit the highest level
of differential escape were those with the greatest intratype sequence divergence, raising the intriguing hypothesis that differential escape may be a consequence of active positive selection at
these loci.
Analysis of the distribution of HIV-1 escape mutations within
known CTL epitopes revealed that abrogation of peptide-HLA
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indicated. Significant inverse correlations were observed between the total number of sites under immune selection by a given HLA across the entire HIV-1
proteome (A), the median odds ratio of escape in Gag (B), and the percent escape at HLA anchor residues (C) and published hazard ratios of AIDS progression.
HLA-B*57:01 and B*27:05 are labeled for special interest.

binding via anchor residue mutation represented a major escape
mechanism and that such mutations incurred, on average, a
nearly 10-fold reduction in predicted HLA binding affinity.
Among 9-mer epitopes, the statistical strength of escape mutations at anchor residues was higher than for nonanchor residues.
Mutations occurring at nonanchor positions within the epitope
were less frequently detected, and those at residues immediately
flanking the N and C termini of the epitope were less frequent still
(although still significantly higher than in extraepitopic zones, at
least for HLA-B). Although it is tempting to conclude that abrogation of peptide-HLA binding represents HIV’s favored escape
mechanism, a potential limitation should be noted. It is possible
that detection of HLA-associated polymorphisms at the population level is inherently biased toward detection of “straightforward” escape mutations such as those directly affecting binding to
HLA, while escape mutations resulting from more complex
and/or “secondary” interactions (e.g., escape from populations of
TCRs capable of interacting with HLA-bound peptide) may be
more challenging to detect. Indeed, numerous examples exist
where an escape variant selected in one individual is highly recognized by another’s immune response (38, 47, 63, 90).
Despite these caveats, recent large-scale studies of immune escape indicate that data sets of the present size have sufficient
power to detect even rare escape mutations (26), as well as to
detect cases where escape from one HLA allele represents the susceptible form for another (19). The high frequency of anchor residue escape has implications for proposed vaccine strategies
aimed at immunizing with both wild-type and common variants
to channel HIV evolution down unconventional pathways (7, 13,
19). While still valid, such strategies should consider excluding
epitope variants that are experimentally verified to not bind their
restricting HLA, unless such variants overlap key epitopes restricted by other alleles and/or lead to the creation of novel
epitopes relevant to immune control (4).
Analysis of HLA-associated polymorphisms identified at the
population level also provides a unique perspective from which to
identify, albeit indirectly, specific characteristics that differentiate
protective from nonprotective HLA-restricted CTL responses.
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Such sequence-based methods offer an alternative perspective to
traditional in vitro and/or ex vivo assays such as gamma interferon
(IFN-␥) enzyme-linked immunosorbent spot (ELISpot) assays
(115), where, for a variety of reasons (including use of synthetic
consensus peptides at supraphysiological concentrations that bypass antigen-processing machinery, detection of a single cytokine
readout only, inability to detect previous effective responses due
to escape in the autologous virus, and others [121]), responses
detected in vitro may not accurately discriminate effective responses occurring in vivo. Indeed, a recent large-scale analysis of
⬎2,000 chronically clade C-infected persons identified differential immune escape as a better predictor of average per-HLA
plasma viral load than responses measured by IFN-␥ ELISpot assay (26).
Importantly, analysis of population-level HLA-associated
polymorphisms as markers of in vivo immune pressure by no
means argues that CTL escape is protective at the individual level;
indeed, escape mutations in individuals have been linked to higher
viral load and disease progression (21, 26, 39, 49). At the population level, HLA-associated polymorphic sites identify HLA-restricted CTL responses that are consistently mounted in a substantial number of individuals expressing that allele—responses that
are strong enough to drive the virus to escape in reproducible
ways. As such, these sites represent the total potential of common
CTL responses restricted by a given HLA allele to effectively target
HIV; analysis of their distribution and characteristics can therefore help illuminate correlates of protection. Translation of these
findings to the individual level is more complex. First, not all
individuals expressing a given HLA will mount all possible CTL
responses. Broadly generalizing, from a viral control perspective,
the ideal would be to mount an effective immune response that
the virus is incapable of escaping. Less ideal (but more the norm)
would be to generate an effective response that the virus ultimately
is able to escape (yielding losses of immune control that in some
cases may be offset by viral fitness costs). Least ideal would be the
inability to mount the response in the first place. At the individual
level, therefore, escape mutations can be regarded as genetic relics
of formerly effective CTL responses, where, in general, the nega-
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FIG 5 Population-level immune escape pathways in HIV-1 reveal correlates of protective immunity: selected results. Individual HLA-A, -B, and -C alleles are as
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escape was significantly higher at anchor sites suggest that a hallmark of HLA-associated protection is the ability to consistently
mount intense CTL responses from which the virus is compelled
to escape (hence, the high odds of escape) but can only do so at a
limited number of positions (hence, the position specificity) and
at a biologically relevant fitness cost (hence, sequence conservation in persons lacking the allele). Furthermore, if the anchor residue is otherwise highly conserved, escape at this position could
indicate that CTL targeting the epitope are highly polyclonal
and/or cross-reactive, thus limiting escape options to those that
abrogate epitope presentation. If so, this supports the clonal composition and/or diversity of an epitope-specific CTL repertoire as
a correlate of protection (28, 58) and supports vaccine strategies
seeking to stimulate CTL responses to both wild-type and commonly occurring escape variants at nonanchor sites (11, 42, 109),
most notably in epitopes where escape at anchor residues is likely
to incur a fitness cost. Indeed, a recent analysis limited to Pol
epitopes suggested that mutations which disrupt peptide binding
to protective HLA alleles (particularly HLA-A alleles) may be have
greater fitness cost than escape from nonprotective HLA alleles
(85).
Although results provide potentially useful information to
guide future vaccine and immunogenicity studies, some limitations merit mention. We employed bioinformatics and statistical
approaches to infer general mechanisms of immune evasion and
its consequences for epitope presentation in vivo, but individual
predictions will require rigorous experimental verification prior
to consideration as potential immunogens. Furthermore, although well-powered analyses of HLA-associated polymorphisms
identify the majority of escape pathways commonly driven by a
given HLA (26), they may still underestimate the amount of immune selection imposed on HIV at the population level. For example, as our method detects only HIV polymorphisms whose
frequencies differ statistically among persons having or lacking a
particular HLA allele, it is unable to detect immune pressures
directed against viral codons so highly conserved that the benefits
of escape would not outweigh the fitness costs. The B*57-associated KF11 epitope provides a potential example of such a phenomenon: when presented by B*57:01 (but not B*57:03) in context of subtype B, a highly conserved, cross-reactive TCR
repertoire is induced, from which the virus escapes with great
difficulty (123). Furthermore, although such well-powered analyses can identify extremely rare pathways (26), they may still underestimate the amount of immune selection imposed on HIV at
the individual level; indeed, the extent to which unique immune
responses (and their escape pathways) occur and affect disease
progression remains unclear. Our method may also preferentially
detect straightforward escape pathways (such as those directly impacting peptide binding to HLA) over those that may be more
“multifactorial” and/or variable among individuals (e.g., TCR escape that could occur at a variety of intraepitope positions depending on the individual’s T-cell repertoire); the extent of this
potential bias could be quantified by longitudinally analyzing escape sites in seroconverter cohorts (18, 47, 53). Moving forward, it
will be essential to translate indirect correlates of protection at the
HLA allele level to specific features of protective HLA-restricted
CTL responses at the individual level.
The present study confirms the differential influence of HLA
class I-mediated selection pressures on population-level sequence
diversity of individual HIV-1 proteins and the common occur-
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tive consequences of escape are still preferable to the inability to
mount responses at all (26).
Our proteome-wide and protein-specific analyses shed new
light on the long-standing debate around whether CTL response
breadth is (31, 101) or is not (1) a correlate of protection. For
example, the number of Env-specific CD8 T-cell responses in
chronic infection, as measured by IFN-␥ ELISpot assay, has been
associated with poorer HIV control at the individual level (57, 67),
suggesting that not all CTL responses are equally effective (29, 58,
108). Our results indicate that protective alleles (most notably
those of the HLA-A and -B loci) have the potential to exert immune pressure on a larger number of sites across the viral proteome and that selection breadth potential is significantly associated with protection for all proteins except Nef (although a trend
remained for the latter). Furthermore, the number of associated
sites across the proteome per HLA allele was the only variable that
consistently emerged as an independent correlate of protection in
multivariate analyses. Our observations highlight the utility of using population-level HLA-associated polymorphisms to preferentially discriminate the impact of HLA-restricted immune responses that are most effective at controlling HIV-1 replication in
vivo and suggest that the ability of an HLA allele to mount broad
CTL selection pressures to a wide variety of proteins beyond
Gag—including Env—represents a general correlate of protection.
The negative results of this study are also illuminating. The lack
of correlation between HR-AIDS and the density of the amino
acid covariation network associated with any given site under immune selection suggests that targeting structural or functional
“network hubs” (i.e., those exhibiting higher-order evolutionary
constraints within a given HIV protein [33]) is not independently
protective. Similarly, the lack of correlation between HR-AIDS
and average sequence conservation of sites under HLA selection
indicates that the ability to target constrained sites is not in itself
protective: it may depend on where these sites are in the HIV-1
proteome and how strongly they are targeted. Indeed, analysis at
the individual protein level revealed that the statistical strength of
selection on conserved sites (as measured by the odds ratio of
association) in Gag and, to a lesser extent, Pol but not other viral
proteins was a significant correlate of protection. Since a high
odds ratio reflects both the frequency of selection among persons
expressing the HLA allele and the likelihood of reversion in persons who lack the allele, it may be interpreted as an index of exceptionally strong selection at mutationally constrained sites. Our
results thus highlight the strength of immune selection on conserved sites within structural and functional HIV-1 proteins as an
important correlate of protection.
Gag was also confirmed as a particularly effective immune target. The number of sites under active immune selection in Gag,
the number of active Gag epitopes (i.e., those harboring evidence
of immune selection), and the average number of sites under selection per Gag epitope (a marker of diversity of selection pressures on a given epitope) also represented significant correlates of
protection. Although an HLA allele’s ability to consistently mount
immune pressure on conserved Gag codons may appear an intuitive correlate of protection, the factors that constrain the virus to
escape at those specific sites remain unclear. That the median odds
ratio of escape in Gag correlated significantly with both the number of sites under selection and the proportion of anchor residue
escape in the same protein and that in 9-mers the odds ratio of
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