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Abstract

Cytotoxic T-lymphocytes (CTL) eliminate HIV-1
infected cells through the recognition of antigenic
peptides displayed by Human Leukocyte Antigen
(HLA) class I molecules on the infected cell surface.
HLA-restricted CTL responses drive HIV evolution
through selection of viral sequence polymorphisms
typically referred to as immune escape mutations. In
this short review, we highlight recent methodological
advances in our efforts to identify HLA-associated
polymorphisms throughout the HIV-1 proteome, and
describe how these methods have been used to dis-
cover novel epitopes, elucidate complex mutational
pathways, and enrich our understanding of HIV-1 as
it adapts to HLA-mediated selection pressure at the
population level. Achieving a deeper understanding
of the sites, pathways and consequences of immune
escape is of critical relevance to the continued search
for an effective CTL-based AIDS vaccine.

I-B-1 Introduction: Immune control of
HIV-1 by CTL

Despite dramatic and sustained declines in HIV-related
morbidity and mortality following the introduction of
Highly Active Antiretroviral Therapy (HAART) in the
mid-1990s [Palella et al., 1998], there remains no cure for
the 33.4 million people infected with HIV-1 globally, and
no vaccine to protect the estimated 2.7 million individu-
als newly infected each year [UNAIDS & WHO, 2009].
One of the major challenges to the prevention, treatment
and potential eradication of HIV is the virus’s extensive
capacity for adaptation and diversification [Taylor et al.,
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2008; Gaschen et al., 2002]. A severe genetic bottle-
neck occurs at the time of transmission such that a single
founder virus initiates productive infection in over 80%
of heterosexual transmissions [Salazar-Gonzalez et al.,
2009; Derdeyn et al., 2004]. Subsequently, however, the
virus’s rapid and extensive replication, combined with the
high error rate of HIV-1 reverse transcriptase, mutation-
inducing effects of host RNA editing enzymes such as
APOBEC 3G [Wood et al., 2009], and frequent recom-
bination [Neher & Leitner, 2010] result in the rapid di-
versification of the initial founder into a swarm or “qua-
sispecies” [Kamp, 2003] of related viral variants within
the infected individual. This diversity becomes the evolu-
tionary substrate for selection imposed by immune [Goul-
der & Watkins, 2004; Wei et al., 2003] and antiretro-
viral [Larder & Kemp, 1989] pressures, yielding con-
tinuous evolution of HIV within the host [Shankarappa
et al., 1999; Goonetilleke et al., 2009] as well as glob-
ally [Kawashima et al., 2009]. Indeed, since the diver-
gence of HIV-1 group M from its most recent SIVcpz
ancestor less than 100 years ago [Korber et al., 2000;
Worobey et al., 2008], HIV-1 has undergone dramatic di-
versification, with contemporaneous strains differing by
up to 35% in their envelope nucleotide sequence [Gaschen
et al., 2002]. Achieving a deeper understanding of how
immune selection pressures have and continue to shape
intra-individual and global HIV evolution is key to the
search for an effective AIDS vaccine.

Over the natural course of infection, immune responses
imposed by antibodies [Wei et al., 2003], CD8+ T-
lymphocytes [Koup, 1994] and perhaps even innate im-
mune responses [Thananchai et al., 2009] act as a major
selective force driving HIV-1 evolution in a continuous,
dynamic process known as “immune escape” [McMichael
et al., 2010]. This review will focus specifically on mu-
tational escape from cellular immune responses mediated
by CD8+ (cytotoxic) T-lymphocytes (CTL). Specifically,
we will summarize both historical data and recent ad-
vances in efforts to identify immune escape sites across
the HIV-1 proteome, as well as discuss the consequences
of CTL escape on HIV evolution at the population level.

CTL eliminate HIV-infected cells through recognition
of virus-derived peptides (or “epitopes”) that are synthe-
sized and processed intracellularly, and presented on the
cell surface by Human Leukocyte Antigen (HLA) class I
molecules. Due to the requirement that T-cells recognize
epitopes in complex with host HLA molecules, and that
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these HLA molecules are constrained with respect to the
epitope motifs that they can present [Klein & Sato, 2000],
antigen recognition (and thus the process of CTL escape),
is said to be “HLA-restricted”. HIV-specific CTL repre-
sent major mediators of host antiviral control as demon-
strated by observational [Borrow et al., 1994; Koup et al.,
1994; Almeida et al., 2007; Altfeld et al., 2003; Migue-
les et al., 2000], experimental [Schmitz et al., 1999], and
molecular epidemiologic [Carrington & O’Brien, 2003;
Kaslow et al., 2001; Trachtenberg et al., 2003; Carring-
ton et al., 1999; Fellay et al., 2007] data. The impor-
tance of CTL in immune control of HIV-1 is also demon-
strated by the selection of HLA-restricted immune es-
cape mutations in the viral genome. First described in
1991 [Phillips et al., 1991], CTL escape is now under-
stood to begin as early as the first weeks following trans-
mission [Goonetilleke et al., 2009; Borrow et al., 1997;
Allen et al., 2000; Turnbull et al., 2009], and accounts for
a substantial proportion of observed substitutions in the
first year of infection [Goonetilleke et al., 2009; Brumme
et al., 2008]. Selection of escape mutations has been doc-
umented to occur throughout the disease course [Feeney
et al., 2004; Goulder et al., 1997], even after initiation
of antiretroviral therapy [Casazza et al., 2005], although
available data suggest that there is relatively little immune
escape occurring in the late stages of infection [Koibuchi
et al., 2005].

I-B-2 Historic studies of CTL escape in
HIV-1

Since the original report [Phillips et al., 1991], a large
number of escape mutations reproducibly selected in the
context of specific HLA class I alleles have been identified
across HIV-1 through the analysis of clinically-derived se-
quences, followed by experimental validation (e.g. Goul-
der & Watkins [2004]; Borrow et al. [1997]; Kelleher
et al. [2001]; Allen et al. [2005]; Leslie et al. [2004]). We
now know, for example, that three-quarters of persons ex-
pressing the “protective” HLA-B*57 allele will select the
T242N mutation in Gag (codon three of the TW10 epi-
tope in p24Gag) within the first weeks to months follow-
ing HIV-1 infection [Brumme et al., 2008; Leslie et al.,
2004], whereas in B*27-expressing individuals, the first
mutation arising in the immunodominant p24Gag KK10
epitope is typically the L268M, followed by R264K of-
ten years later [Goulder & Watkins, 2004; Kelleher et al.,
2001; Schneidewind et al., 2007]. We also recognize that
although many escape mutations occur within the bound-
aries of the CTL epitope (thus impairing HLA class I
presentation and/or T-cell receptor interactions with the
peptide-HLA complex), other mechanisms of escape also
occur. For example, mutations within [Yokomaku et al.,
2004] or outside [Draenert et al., 2004] epitope bound-

aries may impair intracellular peptide processing, while
secondary or compensatory mutations proximal or distal
to the epitope site [Schneidewind et al., 2007; Brockman
et al., 2007] also occur. Furthermore, we now under-
stand that in some [Leslie et al., 2004; Friedrich et al.,
2004; Li et al., 2007; Duda et al., 2009] although not
all [Kawashima et al., 2009; Leslie et al., 2005; Schnei-
dewind et al., 2009; Cornelissen et al., 2009] cases, es-
cape mutations revert upon transmission to a new host
who lacks the restricting HLA class I allele. The ex-
isting global diversity of HIV-1, therefore, has arisen in
large part as a result of the tens of millions of cycles of
transmission bottlenecks, followed by diversification, re-
version and escape, that have occurred since the begin-
ning of the epidemic. Indeed, HLA has been shown to be
a strong selection force for both intra- and interclade HIV
evolution at a population level [Matthews et al., 2009].

Despite the virus’s seemingly endless capacity for mu-
tation and diversification, a turning point in our under-
standing of immune escape was the realization that HIV-1
evolution follows generally predictable patterns as a con-
sequence of HLA allele-specific selection pressure as well
as inherent viral constraints [Allen et al., 2005]. The most
striking example of this comes from genetically identi-
cal adult twins infected at the same time with the same
virus through injection drug use [Draenert et al., 2006].
In this case, the immunodominance patterns and the earli-
est mutations that arose were the same in both individuals
[Draenert et al., 2006].

I-B-3 Mapping CTL escape sites across the
HIV-1 proteome

Equally important to the history of research in CTL es-
cape was the development of novel statistical methods
and their application to large clinically-derived HIV-1
sequence datasets to identify sites of HLA-mediated
immune selection in a systematic way [Bhattacharya
et al., 2007; Carlson et al., 2008; Rousseau et al., 2008;
Kosakovsky Pond et al., 2008]. Recent efforts to map es-
cape mutations across the entire length of the viral pro-
teome have examined HIV-1 sequences from large cohorts
of chronically infected, untreated individuals to identify
HLA-associated polymorphisms in the context of all HLA
class I alleles expressed in human populations. These ef-
forts have allowed construction of proteome-wide maps
of escape in HIV-1 [Rousseau et al., 2008; Brumme et al.,
2009; John et al., 2010; Wang et al., 2009] and an appre-
ciation of the extent to which immune selection pressures
have shaped the evolution of this virus. Indeed, the use
of polyclonal and/or mosaic immunogens incorporating
knowledge of common polymorphisms and escape vari-
ants has been proposed as strategy to address the chal-
lenge of HIV-1 diversity in vaccine design [Bhattacharya
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et al., 2007; Brander et al., 2006; Korber et al., 2009].
The first study to apply statistical approaches to iden-

tify escape mutations using population-level data by
Moore et al. [2002] was published in 2002. In an anal-
ysis of more than 400 clinically-derived HIV-1 sequences
spanning codons 20–227 of Reverse Transcriptase, Moore
et al. [2002] identified 64 positive associations between
expression of a specific HLA class I allele and a spe-
cific polymorphism in RT, and 25 negative associations
between an HLA class I allele and change from consen-
sus in multivariate logistic regression models. That such
a large number of HLA-associated polymorphisms were
identified in this relatively short region underscored the
dramatic impact of CTL selection on HIV evolution and
provided evidence for population-level HIV adaptation to
host immune pressures for the first time.

Since the publication of this study [Moore et al., 2002],
the importance of taking into account the underlying evo-
lutionary relationships between HIV-1 sequences when
attempting to identify HLA-associated polymorphisms
has been recognized and addressed through the devel-
opment of phylogenetically-informed methods to distin-
guish sites of HLA-associated immune selection from
those more likely to be explained by viral lineage (or
“founder”) effects [Bhattacharya et al., 2007; Carlson
et al., 2008; Rousseau et al., 2008]. Phylogenetically-
informed methods recognize the fact that HIV-1 se-
quences (or any sequences, for that matter) are related
to one another through descent from a common ances-
tor, some more distantly than others. These methods take
this evolutionary information into account when attempt-
ing to identify sites of immune selection in HIV, and
are thus able to distinguish immune-mediated polymor-
phisms from those that are more likely explained by neu-
tral evolution from a shared ancestor. Phylogenetically-
informed methods continue to be applied to the analysis
of population-based datasets (e.g. Carlson et al. [2008];
Rousseau et al. [2008]; Brumme et al. [2009]; John et al.
[2010]; Wang et al. [2009]; Poon et al. [2007]; Brumme
et al. [2007]; Avila-Rios et al. [2009]), yielding a com-
prehensive picture of the extent to which immune selec-
tion shapes HIV-1 evolution globally. Detailed knowledge
of escape mutations across the entire HIV-1 subtype B
[John et al., 2010; Wang et al., 2009] and C [Rousseau
et al., 2008] proteomes are now available, while analyses
of even larger population-based cohorts of 1000 or more
patients have yielded detailed maps of the HIV-1 proteins
most relevant to CTL-based vaccine design strategies (e.g.
Gag, Pol and Nef) [Carlson et al., 2008; Brumme et al.,
2009]. Not only have these studies uncovered hundreds
of sites across the HIV-1 proteome under active selec-
tion by HLA, but they have also systematically identi-
fied specific amino acids representing the adapted (“es-
caped”) and nonadapted (“susceptible”) forms associated
with their restricting HLA alleles. These HLA-associated

polymorphisms have been organized into HIV proteome-
wide “escape maps”, revealing not only the sites and spe-
cific pathways of immune escape, but also the tremendous
density thereof (for an example see Figure I-B-1).

Indeed, up to 40% of amino acids in certain HIV pro-
teins (e.g. Nef) exhibit evidence for active, contempora-
neous immune selection pressures [Brumme et al., 2009].
In general, a hierarchy of “escape mutation density” has
been observed in HIV-1 proteins, typically reported as ac-
cessory/regulatory > Gag > Pol > Env, although these re-
sults may vary from study to study due to cohort size,
HLA frequency distribution, HIV subtypes and analytic
methods used [Rousseau et al., 2008; John et al., 2010;
Wang et al., 2009]. Methods to identify viral sites under
potential immune selection using HIV-1 sequences in the
absence of HLA class I data have also been developed.
For example, [Poon et al., 2007] have developed meth-
ods to screen large datasets of clinically-derived “bulk”
HIV-1 sequences for the presence of ambiguous (mixed)
nucleotide bases encoding nonsynonymous substitutions,
thus identifying sites under active selection in circulating
sequences, while Neher & Leitner [2010] have developed
novel methods to estimate recombination rate and selec-
tion strength in intrapatient HIV evolution using longitu-
dinal clonal envelope sequences.

I-B-4 Recent improvements in tools for
CTL escape mapping and data
visualization

Methods for phylogenetically informed identification of
CTL escape mutations continue to improve and expand.
For example, in addition to accounting for the evolution-
ary relationships between HIV sequences, recent strate-
gies also correct for the strong confounding effects of
linkage disequilibrium between HLA class I alleles [Carl-
son et al., 2008]. Because HLA class I alleles are situ-
ated in proximity on human chromosome 6, they tend to
be inherited together and are thus said to be in “linkage
disequilibrium” with one another; an individual express-
ing HLA-B*57, for example, will also likely express the
linked allele Cw*06. An analysis that does not take HLA
linkage disequilibrium into account would likely identify
a B*57-driven escape mutation as also being associated
with Cw*06, even though the latter allele is not respon-
sible for its selection. While older strategies largely em-
ployed manual, post-hoc adjustment for linkage disequi-
librium, meaning that researchers would comb through
the lists of associations and assign the “correct” allele
by hand (e.g. Bhattacharya et al. [2007]; Brumme et al.
[2007]), newer strategies allow the direct identification of
the allele driving the association [Carlson et al., 2008].

Similarly, strategies to detect and account for amino
acid co-evolution in HIV-1 have also been developed
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Figure I-B-1: Detail of an Immune Escape map for HIV-1 subtype B p24Gag (codons 201-300 only). “Adapted” (escape form)
amino acids are red while “non-adapted” (susceptible form or wild-type) amino acids are blue. UPPERCASE letters distinguish
polymorphisms that survive correction for HIV codon covariation (“direct” associations), while lowercase letters distinguish poly-
morphisms that do not survive correction for codon covariation (“indirect” associations). Polymorphisms associated with the same
HLA allele that occur in proximity to one another are grouped together in yellow boxes. Optimally-defined CTL epitopes contain-
ing HLA-associated polymorphisms are indicated above the consensus sequence. Shaded vertical bars separate blocks of 10 amino
acids. This map was derived from the recent analysis of more than 1500 HIV-infected individuals from three cohorts in Canada,
the USA and Australia [Brumme et al., 2009] and reports all HLA-associated polymorphisms with q ≤ 0.05.

[Carlson et al., 2008; Poon et al., 2010, 2008]. Amino
acid co-evolution occurs when an amino acid substitution
at one site preferentially occurs in the context of a sub-
stitution at another. These secondary sites may represent
co-varying or compensatory mutations associated with the
primary site. From an analytical perspective, failure to ac-
count for amino acid co-evolution could result in both the
primary and compensatory mutations being identified as
correlated with the restricting HLA allele, when in fact
only the former is directly selected.

The fact that new strategies feature corrections for
amino acid co-evolution allows the discrimination of vi-
ral polymorphisms that are directly attributable to im-
mune selection from those that may represent compen-
satory and/or secondary mutations [Carlson et al., 2008;
Poon et al., 2007]. This is relevant to many applica-
tions, particularly the study of the consequences of im-
mune escape on viral replication capacity and/or HIV pro-
tein function. It has been hypothesized that long-term
“protective” effects of certain HLA class I alleles (e.g.
B*57) on HIV disease progression are due in part to the
selection of key escape mutations that compromise viral
replication capacity [Schneidewind et al., 2007; Brock-
man et al., 2007; Martinez-Picado et al., 2006; Troyer
et al., 2009], thus resulting in lower viral loads and a more
benign disease course [Altfeld & Allen, 2006; Quiñones-
Mateu et al., 2000]. However, these fitness costs may
be rescued through selection of compensatory mutations
that fully or partially restore protein function. Compen-
satory mutations associated with a number of well-defined
CTL escape mutations (for example, those accompanying
the B*57-associated T242N and B*27-associated R264K
mutations [Kelleher et al., 2001; Schneidewind et al.,
2007; Brockman et al., 2007]) were historically identi-
fied by visual inspection of HIV sequences followed by
experimental validation using site-directed mutants (e.g.

Schneidewind et al. [2007, 2008]). However thanks to an-
alytical methods such as those described in the following
sections, candidate compensatory mutations can now be
systematically identified for experimental validation, thus
greatly aiding the characterization of the relative conse-
quences of immune escape on HIV fitness.

Similar to the escape maps that display the pri-
mary HLA-associated polymorphisms, graphical tools
have also been developed to visualize putative sec-
ondary/compensatory pathways on a protein-wide basis,
in both two-dimensional as well as 3D structural models.
One tool for the identification and interactive display of
escape mutations and covarying residues in HIV-1 has
been developed by Carlson et al. [2008], and is available
at http://research.microsoft.com/en-us/um/
redmond/projects/MSCompBio/PhyloDViewer/.
To illustrate the functionality of this tool, we analyzed a
dataset of 803 clinically-derived p24Gag sequences with
linked HLA class I data from British Columbia, Canada,
and focused on primary and secondary polymorphisms
identified as being associated with HLA B*27. For
example, amino acids in p24Gag that covary with the
B*27-associated R264K mutation are displayed in a
two-dimensional phylogenetic dependency network
(Figure I-B-2), as well as a 3-dimensional structural
model of the N-terminus of p24Gag (Figure I-B-3).

This “divide-and-conquer” approach, which is emerg-
ing as the de facto standard in understanding CTL escape
in HIV-1, overcomes the tremendous complexity of find-
ing associations among a large number of HLA alleles and
HIV codons by performing pairwise analyses with statis-
tical corrections to adjust for linkage, epistasis, and multi-
ple comparisons. Another direction of methodological de-
velopment is to analyze all of the variables simultaneously
using a full Bayesian network treatment where statisti-
cal associations are compactly represented in a directed
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Figure I-B-2: Phylogenetic Dependency Network of p24Gag sites covarying with codon 264. The amino acid sequence of p24Gag

is drawn counterclockwise, with the N-terminus at 3 o’clock. HLA-associated polymorphisms with q ≤ 0.2 are identified at their
respective positions along the circle’s circumference, while covarying amino acids (also q ≤ 0.2) are joined together by arcs within
the circle. Colors indicate the statistical strength of the association. This figure highlights the specific codons covarying with codon
264, residue 2 of the well-characterized B*27-restricted KK10 epitope in p24Gag. Codon 264 (yellow dash, 9-o’clock position) is
joined to its respective covarying sites (p24Gag codons 136, 173, 215, 256, 260, 268 and 315) via brightly-colored arcs.
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Figure I-B-3: Corresponding three-dimensional model of p24Gag sites covarying with codon 264. The ribbon diagram is a 3D
model of the N-terminus of p24Gag. Gag codon 264, residue 2 of the well-characterized B*27-restricted KK10 epitope in p24Gag is
shown in pink. Other codons in p24Gag observed to covary with specific codon 264 variants at q < 0.2 (identified in this analysis as
Gag codons 136, 173, 215, 256, 260, 268) are shown in green. Codon 315 is not included in the 3D structure. The program used to
construct Figures I-B-2 and I-B-3 is described in Carlson et al. [2008] and is available at http://research.microsoft.com/
en-us/um/redmond/projects/MSCompBio/PhyloDViewer/
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Figure I-B-4: Consensus Bayesian network of HLA alleles and HIV-1 p24 codons. Analysis was restricted to the following HLA
alleles only: A*03, A*25, B*13, B*14, B*27, B57 and B*58. Nodes in the network correspond to binary variables encoding the
presence or absence of an HLA allele (filled boxes) or nonsynonymous substitutions at a codon (open boxes) as identified by the
population consensus residue and numbered from the start of the Gag polyprotein. Codons are mapped onto a structural model of
an HIV-1 p24 monomer (Protein Data Bank ID 3H4E). Arrows (directed edges) from variable X to Y indicate that Y is conditionally
dependent on X . A dotted edge between HLA alleles represents a putative linkage relationship in the study population, whereas a
solid edge indicates sequence co-evolution at those codon sites. 20 codon-to-codon edges that were not part of an HLA-associated
network were omitted for clarity. A solid edge from an HLA allele to a codon indicates a putative association due to selection for
CTL escape or reversion. Each edge is labelled with the frequency it appears in a sample of 100 graphs, taken at regular intervals
from a Markov chain Monte Carlo sample run for 106 steps with the first half discarded as burn-in. Graphs were constrained to
have a maximum of 2 parents per node. This analysis was carried out in HyPhy [Kosakovsky Pond et al., 2005] using a modified
implementation of the Spidermonkey algorithm [Poon et al., 2008].

acyclic graph [Poon et al., 2008]. In this approach, vi-
ral lineage effects are accounted for by mapping nonsyn-
onymous substitutions to the phylogeny using maximum
likelihood reconstruction and counting imputed substitu-
tions along the branches. HLA alleles are then assigned
to terminal branches and handled as missing data on in-
ternal branches (with imputation by Gibbs sampling). A
Markov chain Monte Carlo (MCMC) algorithm is em-
ployed to sample from the posterior probability distribu-
tion of possible graphs. An example of the application of
Bayesian networks to modeling CTL escape, undertaken
on the same dataset of 803 clinically-derived p24Gag se-
quences with linked HLA class I data from British Co-
lumbia, and focusing on HLA-associated and HIV co-
variation pathways in p24Gag, is shown in Figure I-B-4,
which represents the graph with the highest sampled pos-
terior probability. This strategy incurs an enormous com-
putational cost that necessitates simplifying assumptions
such as limiting the number of “parental” variables that

a given variable can be conditioned upon (typically no
more than 2). However, the resulting Bayesian network
confers the benefit of simultaneously evaluating all asso-
ciations (CTL escape, linkage, and epistasis) in the same
probabilistic framework, which could also facilitate ex-
tensions to predictive models relating CTL escape to clin-
ical parameters such as viral load. Methods for carrying
out this analysis are publically released in the open-source
software package HyPhy (Hypothesis testing using Phy-
logenies http://hyphy.org) [Kosakovsky Pond et al.,
2005] and as a user-friendly web application (Spider-
monkey http://www.datamonkey.org) [Poon et al.,
2008].

Regardless of the specific analytical methods used, the
pathways of HLA-associated immune escape and amino
acid covariation are clearly identifiable. For example,
both methods highlighted in the current review identify
the well-known HLA-B*27-associated R264K/L268M
substitutions within the KK10 epitope in p24Gag, as well
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as the upstream S173A compensatory mutation that res-
cues the fitness costs associated with the R264K [Schnei-
dewind et al., 2007]. Numerous novel pathways are
also identified. Indeed, the systematic identification of
primary sites of immune escape along with their sec-
ondary/covarying mutation pathways is helping to address
fundamental knowledge gaps in HIV pathogenesis.

I-B-5 Using these tools to address
knowledge gaps in HIV
immunobiology and evolution

Quantifying incidence, prevalence and
consequences of escape in individuals and
populations

Just as the systematic and ongoing identification of drug
resistance mutations [Johnson et al., 2009] has been of
paramount importance to the treatment and clinical mon-
itoring of HIV infection [Hirsch et al., 2008], the iden-
tification of immune escape pathways is similarly rele-
vant to HIV immunobiology research and vaccine de-
sign. The availability of a proteome-wide reference list of
HLA-associated polymorphisms has allowed researchers
to characterize the kinetics of CTL escape in acute/early
infection [Brumme et al., 2008; Duda et al., 2009], to
quantify their prevalence in different HIV-infected pop-
ulations [Miura et al., 2009b], to investigate correlations
between their presence/absence and HIV clinical parame-
ters such as pVL and/or CD4 count [Brumme et al., 2008;
Rousseau et al., 2008; Matthews et al., 2008] and most
recently to estimate CTL-mediated evolution following
administration of a therapeutic HIV vaccine [Li et al.,
2010]. As already mentioned, incorporation of common
HLA-associated polymorphisms and escape variants into
polyvalent and/or mosaic vaccine immunogens has been
proposed as a potential strategy to address the challenge
of HIV-1 diversity in vaccine design [Bhattacharya et al.,
2007; Brander et al., 2006; Korber et al., 2009].

Discovering novel epitopes

Escape maps can reveal the locations of novel CTL epi-
topes, which can then be validated experimentally [Bhat-
tacharya et al., 2007]. Most recently, these techniques
have been used to scan for the presence of escape mu-
tations in alternative (“cryptic”) HIV reading frames that
were silent in the standard reading frame [Bansal et al.,
2010; Berger et al., 2010]. Berger et al. [2010] identi-
fied a novel HLA-A*03-restricted frameshift epitope in
an alternative Pol (Integrase) reading frame, likely gen-
erated through the incorrect use of a Leucine start codon
upstream of the epitope, which may contribute to in vivo
HIV immune control in A*03+ individuals. Bansal et al.

[2010] identified numerous epitopes encoded within anti-
sense HIV reading frames, some of which escaped rela-
tively rapidly following infection, suggesting strong im-
mune selection. Taken together with accumulating data
from SIV models [Maness et al., 2009, 2010], results sug-
gest that that cryptic epitopes may represent important
and untapped sources of T cell epitopes for vaccine im-
munogens.

Comparative studies across populations, HLA
groups and HIV-1 subtypes

The ability to identify HLA-associated polymorphisms
in HIV-1 has also allowed comparative studies of escape
across populations. In a study of North and Central Amer-
ican (Mexican) populations, Avila-Rios et al. [2009] re-
ported unique HIV-1 escape patterns in Mexico, predom-
inantly associated with HLA-B*39, a group that contains
alleles which are highly specific for Amerindian origin
populations. This may be a much broader phenomenon
affecting many common 2-digit HLA class I allele groups
containing 4-digit subtypes which have diverged function-
ally across different racial/ethnic groups through human
evolution [John et al., 2010]. Comparative studies also
allow universal escape pathways to be distinguished from
subtype-specific escape pathways; for example, the B*57-
associated T242N escape mutation in Gag is commonly
selected in subtypes B [Leslie et al., 2004; Brumme et al.,
2009; John et al., 2010; Wang et al., 2009], C [Carlson
et al., 2008] and D [McKinnon et al., 2009], but is rarely
selected in subtype A1 [McKinnon et al., 2009].

The extent to which HLA-associated selection pres-
sures shape HIV evolution at the population level can
be examined by comparing the prevalence of escape
mutations throughout the epidemic’s history [Schellens
et al., 2009] as well as in different contemporaneous
cohorts worldwide [Kawashima et al., 2009; Avila-Rios
et al., 2009]. In an analysis of more than 2,800 HIV-
infected individuals from 9 cohorts spanning 5 continents,
Kawashima et al. demonstrated that the frequency of
the B*51-associated T135X mutation in HIV RT (occur-
ring at the C-terminus of the B*51-TI8 epitope) corre-
lated strongly with HLA-B*51 prevalence in the cohort
[Kawashima et al., 2009]. For example, in Kumamoto,
Japan, where HLA-B*51 frequency exceeds 20%, the
prevalence of T135X approaches 75%, strongly support-
ing population-level HIV adaptation to HLA and suggest-
ing that the “protective” effects of certain HLA class I
alleles may eventually be compromised as a result of the
fixation of “escaped” forms in circulating viral sequences
[Kawashima et al., 2009]. Indeed, the B*27-associated
R264K mutation in p24Gag, when accompanied by the up-
stream S173A compensatory mutation appears to remain
stable upon transmission [Schneidewind et al., 2009; Cor-
nelissen et al., 2009], and B*57-associated mutations
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within the p24Gag KF11 appear to be similarly stabi-
lized in the presence of the upstream compensatory mu-
tation S165N [Crawford et al., 2007]. Taken together,
these data suggest that HLA alleles currently associated
with relative control of HIV infection (e.g. HLA-B*57,
HLA-B*27 and in some cohorts, HLA-B*51), may cease
to be associated with beneficial effects as HLA-specific
escape mutations accumulate in contemporary circulat-
ing sequences [Leslie et al., 2005]. Indeed, develop-
ing a deeper understanding of the multiple interacting
factors that influence the probability and rates of muta-
tional escape and reversion as HIV is transmitted from
person to person—including fitness costs of escape [Dav-
enport et al., 2008], presence of compensatory mutations
[Schneidewind et al., 2009; Cornelissen et al., 2009], di-
versity of initial transmitted inoculum [Loh et al., 2009],
residues where one individual’s HLA-restricted escape
mutation represents the susceptible form for another HLA
allele, and vice versa [Bhattacharya et al., 2007; Frahm
et al., 2007], and other host/viral factors, is of paramount
importance to vaccine design.

I-B-6 Application of next-generation
sequencing technologies to CTL
escape

Our understanding of immune escape dynamics has re-
cently been advanced through use of new high-sensitivity
sequencing technologies, combined with analyses of ex-
tremely early events in acute HIV-1 infection. Lon-
gitudinal Single Genome Amplification (SGA) analyses
of acute-phase HIV sequences [Salazar-Gonzalez et al.,
2009; Goonetilleke et al., 2009] have revealed that the
earliest CTL responses (and corresponding escape events)
arise not against the well-characterized immunodominant
epitopes [Altfeld et al., 2006], but rather against previ-
ously uncharacterized epitopes, and in some cases can
be detected during the decline of viremia from peak lev-
els. These results indicate that the first HIV-specific CTL
responses arise earlier and may be more potent in con-
trolling acute-phase viremia than previously recognized
[Salazar-Gonzalez et al., 2009]. Indeed, the identifica-
tion of unique epitopes and escape mutations through de-
tailed intra-patient analysis underscores an important lim-
itation of identifying HLA-associated polymorphisms at
the population level; although the latter will identify es-
cape mutations that transcend the complexities of host
and viral genetic diversity, each individual is also likely to
develop unique escape mutations within known or novel
CTL epitopes in context of their transmitted founder HIV
sequence and T-cell repertoire. Although these “person-
alized” mutations may not be frequent or reproducible
enough to reach statistical significance in population-
based studies, they may impact an individual’s disease

course as strongly as the selection of well-known es-
cape variants [Salazar-Gonzalez et al., 2009; Miura et al.,
2009a].

Most recently, researchers have begun to apply next-
generation “ultradeep” sequencing technologies to inves-
tigate the dynamics of HIV evolution and escape dur-
ing acute [Henn et al., 2009; Bimber et al., 2009] and
chronic [Poon et al., 2010] infection with extremely high
sensitivities. Consistent with the results of SGA, ul-
tradeep HIV sequencing in acute infection has revealed
an extremely rapid, dynamic and complex pattern of es-
cape mutations, often occurring simultaneously at multi-
ple sites in the viral proteome, and in many cases accom-
panied by the selection of compensatory mutations [Henn
et al., 2009; Bimber et al., 2009]. Ultradeep sequencing
of chronically-infected individuals has helped illuminate
novel pathways of intra-individual escape and compen-
satory mutations that may not necessarily be detectable
through population level analysis of “bulk” HIV sequence
data [Poon et al., 2010], thereby enriching and comple-
menting existing data on patterns of immune-mediated
codon covariation in HIV [Carlson et al., 2008].

I-B-7 Conclusion

The application of phylogenetically informed methods to
population-based datasets to identify viral sites under con-
temporaneous immune selection represents a major ad-
vancement in the study of T-cell escape in HIV-1. In-
deed, such studies indicate that there are considerable
constraints on HIV evolution. Ultimately, the integration
of population-level analyses combined with detailed intra-
patient analyses and impact of mutations on viral fitness
will bring us closer to the goal of achieving a compre-
hensive understanding of the sites, pathways, kinetics and
implications of immune escape at both the individual and
population level. This knowledge, in turn, will help us
overcome the complex challenges of HIV-1 diversity and
evolution in vaccine design.
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