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ABSTRACT

Human leukocyte antigen (HLA) class I-associated polymorphisms in HIV-1 that persist upon transmission to HLA-mismatched
hosts may spread in the population as the epidemic progresses. Transmission of HIV-1 sequences containing such adaptations
may undermine cellular immune responses to the incoming virus in future hosts. Building upon previous work, we investigated
the extent of HLA-associated polymorphism accumulation in HIV-1 polymerase (Pol) through comparative analysis of linked
HIV-1/HLA class I genotypes sampled during historic (1979 to 1989; n � 338) and modern (2001 to 2011; n � 278) eras from
across North America (Vancouver, BC, Canada; Boston, MA; New York, NY; and San Francisco, CA). Phylogenies inferred from
historic and modern HIV-1 Pol sequences were star-like in shape, with an inferred most recent common ancestor (epidemic
founder virus) sequence nearly identical to the modern North American subtype B consensus sequence. Nevertheless, modern
HIV-1 Pol sequences exhibited roughly 2-fold-higher patristic (tip-to-tip) genetic distances than historic sequences, with HLA
pressures likely driving ongoing diversification. Moreover, the frequencies of published HLA-associated polymorphisms in indi-
viduals lacking the selecting HLA class I allele was on average �2.5-fold higher in the modern than in the historic era, supporting
their spread in circulation, though some remained stable in frequency during this time. Notably, polymorphisms restricted by
protective HLA alleles appear to be spreading to a greater relative extent than others, though these increases are generally of
modest absolute magnitude. However, despite evidence of polymorphism spread, North American hosts generally remain at rel-
atively low risk of acquiring an HIV-1 polymerase sequence substantially preadapted to their HLA profiles, even in the
present era.

IMPORTANCE

HLA class I-restricted cytotoxic T-lymphocyte (CTL) escape mutations in HIV-1 that persist upon transmission may accumulate
in circulation over time, potentially undermining host antiviral immunity to the transmitted viral strain. We studied >600 ex-
perimentally collected HIV-1 polymerase sequences linked to host HLA information dating back to 1979, along with phyloge-
netically reconstructed HIV-1 sequences dating back to the virus’ introduction into North America. Overall, our results support
the gradual spread of many—though not all—HIV-1 polymerase immune escape mutations in circulation over time. This is con-
sistent with recent observations from other global regions, though the extent of polymorphism accumulation in North America
appears to be lower than in populations with high seroprevalence, older epidemics, and/or limited HLA diversity. Importantly,
the risk of acquiring an HIV-1 polymerase sequence at transmission that is substantially preadapted to one’s HLA profile re-
mains relatively low in North America, even in the present era.

Human leukocyte antigen (HLA) class I-restricted CD8� cyto-
toxic T-lymphocyte (CTL) responses against HIV-1 exert se-

lection pressure on the pool of viruses present in an individual,
driving the selection of escape variants capable of evading CTL
recognition (1–4). CTL escape in HIV-1 is broadly reproducible
based on the HLA alleles expressed by the host, and the locations
and mutational pathways of CTL escape and other HLA-associ-
ated viral polymorphisms have been mapped across the HIV-1
genome (5–8). Following transmission to hosts lacking the re-
stricting HLA allele, some of these HIV-1 polymorphisms revert,
usually to the subtype consensus residue (9–12), likely as a result
of fitness costs (10, 13–15). However, HLA-associated HIV-1

polymorphisms that carry no fitness costs, or where such costs are
compensated for by the presence of secondary mutations, can in
some cases stably persist following transmission (11, 16–18). If so,
certain viral polymorphisms could gradually spread in the popu-
lation as the epidemic progresses (17, 19–22). Analogous to the
negative effects of transmitted drug resistance on treatment effi-
cacy (23), acquisition of HIV-1 “preadapted” to (i.e., harboring
escape mutations specific for) an individual’s HLA alleles could
compromise cellular immune responses to the incoming virus.
This is supported by the observation that individuals infected with
HIV-1 harboring polymorphisms associated with HLA alleles they
share with their donors (their mothers in the case of vertical trans-
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mission or partners in the case of horizontal transmission) display
suboptimal CTL responses and/or adverse clinical outcomes (19,
24–27).

The extent to which HLA-associated polymorphisms in HIV-1
are accumulating at the population level remains incompletely
understood, though evidence suggests it is occurring. Analysis of a
European cohort supported the accumulation of HIV-1 adapta-
tions to CTL responses over the period 1985 to 2005 (28), as did a
South American study of HIV-1 subtypes B and F over the same
time period (29). More strikingly, a recent study of 9 global co-
horts revealed a strong positive correlation between the preva-
lence of HLA-B*51 and that of its associated HIV-1 reverse trans-
criptase (RT) I135X polymorphism in circulating sequences (22).
In particular, in Japan, where the frequency of B*51 exceeds 20%,
the frequency of RT I135X exceeds 70%, supporting the spread of
the polymorphism at the population level in the country. Studies
in Europe (30), Asia (31), and Africa (32) have also reported (or
inferred) decreases in HIV-1 replication capacity over the course
of their respective epidemics, presumably as a result of HIV-1
adaptation to host pressures. A recent study of HIV-1 Gag and Nef
evolution in North America by our group also indicated that
HLA-associated polymorphisms have spread in circulation over
time (33). However, the extent to which this is occurring in North
America appears more modest than in high-seroprevalence set-
tings, such as Botswana and South Africa (32), or in populations
with relatively limited HLA diversity, such as Japan (22, 34).

The present study extends our previous work (33) by investi-
gating changes in the frequencies of HLA-associated polymor-
phisms at the population level in North America from 1979 to the
present in HIV-1 polymerase (Pol), a conserved viral protein tar-
geted by CD8� T-cell responses (35–37) that was included as an
immunogen in both the STEP (38) and RV144 (39) HIV-1 vaccine
trials. Pol was investigated as there is strong evidence that both
natural (8, 40) and vaccine-induced (41) CD8� T-cell responses
exert potent selective pressures on the protein. To investigate the
extent to which HLA-associated polymorphisms in this viral pro-
tein may be spreading in North America, we characterized plas-
ma/serum specimens obtained from 1979 to 1989 (historic era)
and 2001 to 2011 (modern era) for HIV-1 RNA polymerase se-
quence and host HLA class I type and performed a comparative
analysis. Ancestral phylogenetic reconstruction was used to infer
the epidemic founder virus sequence (estimated to be the most
recent common ancestor [MRCA] at the root of the tree), as well
as HIV-1 sequences circulating prior to 1979. Overall, we ob-
served that HIV-1 polymerase sequences have diversified roughly
2-fold between the historic and modern eras, in part due to HLA-
mediated selection pressures. HLA-associated polymorphisms

have also increased approximately 2.5-fold in frequency at the
population level during this time. Despite this, the extent of adap-
tation of the “average” circulating HIV-1 polymerase sequence to
the majority of North American hosts remains relatively low.
Taken together, our results suggest that, similar to HIV-1 Gag and
Nef (33), population-level accumulation of HLA-associated poly-
morphisms in North America is occurring, but to a lesser extent
than in some other global regions.

MATERIALS AND METHODS
Historic and modern cohorts. The historic cohort comprised 338 partic-
ipants of observational cohort studies of men who have sex with men
(MSM) established in 4 key cities in the North American epidemic for
whom a plasma or serum sample collected between 1979 and 1989 was
available and HIV-1 Pol and HLA class I genotyping were successful (see
below and reference 33 for more details). They included 239 individuals
from the Fenway Community Health Clinic in Boston, MA (1985 to 1989)
(42, 43); 65 individuals from the New York Blood Center in New York, NY
(1979 to 1988); 26 individuals from the San Francisco Department of
Public Health in San Francisco, CA (1984) (44–46); and 8 individuals
from the Vancouver Lymphadenopathy-AIDS Study (VLAS) in Vancou-
ver, BC, Canada (1984 to 1988) (47–49). Of these, 67 (19.8%) individuals
were sampled �18 months following their estimated infection dates
(“early infection”); the remainder were known or presumed to have
chronic infections. As CTL escape mutations in HIV-1 polymerase tend to
arise later in infection than those in Gag and Nef (50), differences in the
clinical stage could influence escape mutation prevalence in individuals
expressing the relevant HLA. Thus, individuals with known or suspected
early infection were excluded from analyses where appropriate (as indi-
cated in the figure legends).

The modern cohort comprised 278 participants of observational co-
hort studies from the same four cities for whom a plasma specimen col-
lected between 2001 and 2011 was available and HIV-1 Pol and HLA class
I genotyping were successful. They included 209 individuals from the
British Columbia HAART Observational Medical Evaluation and Re-
search (HOMER) study and Vanguard cohorts in Vancouver, 17 individ-
uals from the Massachusetts General Hospital (MGH) in Boston, 21 in-
dividuals from the Aaron Diamond AIDS Research Center (ADARC) in
New York, and 31 individuals in the Research in Access to Care Among
the Homeless (REACH) Study in San Francisco (51). Of these, 16 (5.8%)
were sampled during early infection; the remainder were known or pre-
sumed to have chronic infections. The modern cohort comprised various
risk groups, though MSM predominated. Approximately 95% of the in-
dividuals were antiretroviral naive; the remainder were untreated at the
time of sampling.

All the participants were enrolled under Institutional Review Board
(IRB)-approved protocols and provided written informed consent to par-
ticipate in the original studies for which the specimens were collected.
Ethical approval to conduct this study was obtained from the Institutional
Review Boards at Providence Health Care/University of British Columbia
and Simon Fraser University.

Host and viral genotyping. Total nucleic acids were extracted from
plasma/sera using standard methods. Two HIV-1 polymerase fragments
comprising protease (PR) and the first 400 codons of reverse transcriptase
(RT), denoted PRRT, and all of integrase (INT) were amplified using
nested RT-PCR with gene-specific primers. Amplicons were bulk (di-
rectly) sequenced on a 3130xl or 3730xl automated DNA sequencer (Ap-
plied Biosystems). Chromatograms were analyzed using Sequencher ver-
sion 5.0.1 (Gene Codes) or RECall (52), with nucleotide mixtures called if
the height of the secondary peak exceeded 25% of the height of the dom-
inant peak (Sequencher) or 20% of the dominant peak area (RECall). All
sequences were confirmed as subtype B using the Recombinant Identifi-
cation Program (RIP) 3.0 (http://www.hiv.lanl.gov/content/sequence
/RIP/RIP.html). Sequences were aligned using Clustal Omega (53), and
maximum-likelihood (ML) phylogenetic trees were constructed using
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PhyML (54) and visualized using FigTree (version 1.3.1; http://tree.bio.ed
.ac.uk/software/figtree/) to ensure the uniqueness of sequences. Linked
HIV and HLA data are available upon request, in accordance with the
Providence Health Care/University of British Columbia Institutional Re-
view Board protocols.

HLA class I sequence-based typing was performed using an in-house
protocol and interpretation algorithm (55). Where necessary, HLA types
were imputed using a machine learning algorithm trained on more than
13,000 individuals of known ethnicity and HLA-A, -B, and -C types (56).
Intercohort differences in HLA allele frequency were assessed using HLA
Comparison (http://www.hiv.lanl.gov/content/immunology/hla/hla
_compare.html), hosted by the Los Alamos HIV immunology database.

Phylogenetic ancestral reconstruction and diversification analyses.
The MRCA dates and sequences of our PRRT and INT sequence data sets
were estimated using the software program Bayesian evolutionary analysis
by sampling trees (BEAST) (57) with constrained input phylogenies. To
do this, historic and modern PRRT and INT sequences were aligned
against their respective regions in the HXB2 reference genome (GenBank
accession no. K03455) using the Gotoh pairwise alignment algorithm im-
plemented in HyPhy (58) with affine gap penalties of 20 and 1 for opening
and extension, respectively, and nucleotide scores of �5 for a match and
�4 for a mismatch. Codons associated with antiretroviral resistance (59)
were removed from the alignment, and sequences were annotated with
sampling dates. ML phylogenetic trees for PRRT and INT alignments for
input into BEAST were generated using RAxML (version 8.1.3) under a
GTRCAT model with otherwise default settings (60). ML trees were ini-
tially rooted and binarized using an in-house script implemented in the R
package ape (61) and then rerooted and time scaled using Path-O-Gen
(http://tree.bio.ed.ac.uk/software/pathogen/), with some in-house mod-
ifications. BEAST XML files were generated, with rooting and time scaling
fixed by disabling tree modification operators. Both strict and relaxed
(uncorrelated lognormal) clock models were run with a chain length of
107 (appropriate due to fixed input trees) and results logged every 105

steps. Based on prior experience, the following parameters were used:
TN93 substitution model, generalized skyline coalescent model with 5 size
classes, and partitioned rates and transition biases by codon positions 1&2
and 3. Model comparison was performed using Akaike’s information cri-
terion in a Bayesian Monte Carlo context (AICM) (62) implemented in
Tracer (version 1.6; http://beast.bio.ed.ac.uk/Tracer). This revealed that a
strict clock was favored for PRRT, while an uncorrelated lognormal clock
was favored for INT. “Consensus trees” were generated by setting node
heights to the median of the respective posterior distributions. Ancestral
sequences were reconstructed by fitting a Muse-Gaut codon model
crossed with the Tamura-Nei nucleotide substitution model in HyPhy
(58) to the consensus trees.

For analyses of epidemic sequence diversification, tip-to-tip distances
were extracted from Newick tree files using PATRISTIC (63). Intercohort
differences in the Shannon entropy score at each HIV-1 polymerase resi-
due were determined using Entropy Two (http://www.hiv.lanl.gov/content
/sequence/ENTROPY/entropy.html) with 1,000 randomizations with re-
placement. Nonsynonymous versus synonymous substitution rates (�
and �, respectively) were estimated using fast unconstrained Bayesian
approximation for inferring selection (64), implemented on the Data-
monkey Web server (65; http://www.datamonkey.org/). The �/� ratio is
proportional to the more conventional ratio of scaled substitution counts,
dN/dS. Codons at which the posterior probability of � being greater than
� exceeded a threshold of 0.9 were interpreted as undergoing significant
positive selection.

Definitions of HLA-associated polymorphisms. HLA-associated
polymorphisms in HIV-1 polymerase were defined according to a pub-
lished reference list derived from phylogenetically informed analysis of a
multicenter cohort of �1,800 chronically subtype B-infected individuals
from Canada, the United States, and Australia recruited in the 1990s and
2000s (8). The published cohort did not overlap those analyzed here. We
employed two definitions of HLA-associated polymorphisms, one “com-

prehensive” and one “conservative.” The comprehensive definition com-
prised all published HLA-associated polymorphisms in PRRT and INT
identified at a false-discovery rate (q value) of �0.2 or �0.05 in the orig-
inal study (8) (the q value cutoff used is specified for each analysis). How-
ever, since the cohort originally used to identify HLA-associated polymor-
phisms (8) was roughly 6-fold larger, and thus better powered, than the
cohorts analyzed here, many comprehensively defined polymorphisms
were not, or were only rarely, observed in the present cohorts. As such, a
conservative list of HLA-associated polymorphisms, limited to only those
detectable at a P value of �0.05 in both our historic and modern cohorts,
was generated as follows. For each association that was significant at a q
value of �0.05 in the original study (n 	 129 in total [8]), the identified
HLA class I allele, amino acid residue, covariates (other HLA alleles and
covarying sites), and model were refitted to either the historic or modern
data, using maximum-likelihood trees estimated separately for the two
cohorts. A total of 20 associations that were significant at a q value of
�0.05 in the published analysis and a P value of �0.05 in both the modern
and historic cohorts comprised our conservative polymorphism list (Ta-
ble 1).

The same phylogenetically corrected methods (8) were also used to
investigate the presence of novel HLA-associated polymorphisms in the
historic and modern cohorts.

Nucleotide sequence accession numbers. The historic HIV-1 Pol se-
quences have been deposited in GenBank (accession no. KT167847 to
KT168174 for PRRT and KT167560 to KT167846 for INT).

RESULTS
Phylogenetic reconstruction of HIV-1 polymerase evolution in
North America. We began by inferring a time-dated phylogeny of
HIV-1 in North America from our historic and modern sequence
data sets (Fig. 1A and data not shown). We also estimated the date
and sequence of the MRCA at the tree root, representing the in-

TABLE 1 Conservatively defined HLA-associated HIV-1 polymerase
polymorphismsa

Polymerase
protein

HIV-1
polymorphism

HLA
allele

P value

Historic
cohort

Modern
cohort

Protease T12A B*52:01 0.023 0.003
I15V B*51:01 0.027 0.011
E35D B*44:02 1.12 
 10�5 6.40 
 10�6

I93L B*15:01 4.28 
 10�8 1.53 
 10�8

Reverse
transcriptase

D123E B*35:01 1.12 
 10�6 2.95 
 10�4

I135T B*51:01 1.15 
 10�11 6.10 
 10�6

S162C B*07:02 0.02 0.011
D177E B*35:01 0.008 0.007
K277R A*03:01 2.07 
 10�15 5.45 
 10�19

T468A B*13:02 0.003 1.33 
 10�4

Integrase E10D B*44:03 0.001 0.04
E11D B*44:02 1.37 
 10�4 4.98 
 10�7

S24G B*51:01 2.49 
 10�5 0.008
V32I B*51:01 3.91 
 10�6 6.15 
 10�7

L45V B*51:01 0.031 0.004
M50I C*16:01 0.001 0.002
T122I B*57:01 0.027 2.28 
 10�4

T122I C*05:01 2.58 
 10�8 4 
 10�4

T124N B*57:01 0.002 6.24 
 10�4

G193E B*27:05 2.18 
 10�8 7.47 
 10�4

a Published polymorphisms identified via phylogenetically informed methods (8)
detectable in both cohorts at a P value of �0.05 were included in the conservative
definition.
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FIG 1 Phylogenetic ancestral reconstruction of HIV-1 in North America. (A) Time-scaled maximum-likelihood phylogenetic tree inferred from historic and modern
PRRT sequences. The MRCA, representing the epidemic founder virus, is indicated by the black dot at the root. (B) Amino acid alignments of the inferred PRRT (PR,
red; RT, blue) MRCA sequence at the root of the tree (ANC), the global HIV-1 subtype B consensus (Los Alamos database; GLOBAL_CONSB), the North American
HIV-1 subtype B consensus (Los Alamos database; N.AM_CONSB), the consensus of our historic cohort (HIS_CONS), and the consensus of our modern cohort
(MOD_CONS). Note that PRRT codon numbering in the alignment begins from PR and continues through RT; as such, RT 207 is PRRT codon 306.
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ferred epidemic founder virus. The estimated MRCA dates dif-
fered slightly based on the gene region analyzed (1965 for PRRT
versus 1972 for INT); the former is likely a more reliable estimate
due to the longer length and greater sequence variability in the
PRRT data set. Regardless, both dates are broadly consistent with
estimates of the arrival of HIV-1 in North America sometime in
the 1960s (66, 67), as well as our previous estimates from HIV-1
Gag and Nef sequences from similar cohorts (33).

Moreover, the reconstructed PRRT and INT MRCA amino
acid sequences were nearly identical to the modern global and
North American subtype B consensus sequences (Fig. 1B and data
not shown), differing at only 2 (of 499) PRRT and 3 (of 289) INT
codons, all variable residues. Of note, two of these five differences
from the consensus (RT 207E and INT 72V) are adapted forms
associated with HLA-B*15:01 and B*15:10/B*53:01, respectively
(8), and are discussed later. The reconstruction of a “consensus-
like” MRCA sequence is consistent with the star-like appearance
of phylogenies inferred from historic and modern sequence data
sets (Fig. 2). Together, these observations suggest that widespread
selective sweeps (host immune driven or otherwise) in HIV-1
have not occurred since the virus’ establishment in North Amer-
ica, though sweeps occurring before the collection of our earliest
sequences cannot be ruled out.

Despite the close resemblance between the inferred epidemic
founder virus and the modern subtype B consensus, HIV-1 se-
quences have clearly diversified between the historic and modern
eras (Fig. 2). Specifically, the mean patristic (tip-to-tip) distance,
inferred from maximum-likelihood phylogenies, was 0.025 (stan-
dard deviation [SD], 0.007) substitutions per nucleotide site in
historic PRRT sequences compared to 0.055 (SD, 0.010) in mod-
ern sequences. Likewise, the mean patristic distance in historic

INT sequences was 0.021 (SD, 0.007) substitutions per nucleotide
site compared to 0.044 (SD, 0.009) in modern sequences. These
results are consistent with HIV-1 diversity in North America ap-
proximately doubling between the 1980s and the 2000s.

HLA pressures drive HIV-1 polymerase sequence diversifi-
cation. In a diversifying epidemic, genetic variation increases
over time. We hypothesized that HLA-mediated selection pres-
sures have contributed substantially to HIV-1’s ongoing diver-
sification. We initially investigated this by determining differ-
ences in Shannon entropy (�entropy) between historic and
modern amino acid Pol codon alignments (Fig. 3A and B). As
Pol is generally highly conserved, we focused our subsequent
analysis on only “variable” codons (those that exhibited �1%
sequence variation in historic and modern cohorts, which in-
cluded 263 of 788 [33.4%]) codons in PRRT and INT. Of these
263 codons, 71 (27%) exhibited significantly higher entropy in
modern than in historic sequences, while only 3 (1.1%) exhib-
ited the opposite (P � 0.001 for all). The remaining 189
(71.9%) codons did not exhibit significant �entropy between
eras. Moreover, of these 263 codons, 129 (49%) are known to
be under HLA-mediated selection pressure (comprehensive
definition at a q value of �0.2 [8]) (see Materials and Methods)
(Fig. 3A and B). Stratifying HIV-1 Pol codons with respect to
�entropy (significantly different between eras versus not sig-
nificantly different) and their HLA association status revealed a
significant positive association: 49 of 129 (38%) HLA-associ-
ated codons exhibited a significant change in entropy between
eras compared to 25 of 134 (18.7%) non-HLA-associated
codons (P 	 0.0006) (Fig. 3C).

We also calculated dN/dS ratios in our historic and modern
sequence alignments, which provide a more direct way to investi-

FIG 2 HIV-1 polymerase diversity in the historic (1979 to 1989) and modern (2001 to 2011) cohorts. Shown are unrooted maximum-likelihood phylogenetic
trees of historic (left) and modern (right) PRRT sequences drawn to the same genetic-distance scale. The sequences are color coded by sampling date. North
American PRRT sequences retrieved from the Los Alamos database are shown in gray. The HXB2 reference sequence is indicated.
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FIG 3 Diversifying polymerase codons are enriched for HLA-associated sites. (A) Per-codon �entropy values calculated from historic and modern
polymerase sequence alignments. HIV protein codon numbering is indicated on the x axis. The region without sequence coverage (RT codons 401 to 560)
is indicated with a gray hatched bar. The red and blue bars denote significant (P � 0.001) and nonsignificant �entropy values, respectively. The black dots
denote polymerase codons known to be under HLA-mediated selection (comprehensive definition, q � 0.2 [8]). The green dots denote codons with dN/dS
ratios of �1. (B) Same as panel A, but with �entropy values ranked in descending order rather than by codon. (C) Proportions of HLA-associated and
non-HLA-associated polymerase codons exhibiting significant (red) versus nonsignificant (blue) intercohort �entropy. (D) Proportions of polymerase
codons with and without significant intercohort �entropy exhibiting dN/dS ratios of �1 (green) versus not (gray). (E) Proportions of HLA-associated and
non-HLA-associated codons with dN/dS ratios of �1 (green) versus not (gray). Only variable (�99% conserved) polymerase codons were included in the
analyses for panels C, D, and E. P values were determined using Fisher’s exact test.

Immune-Mediated Adaptation in HIV-1 Polymerase

February 2016 Volume 90 Number 3 jvi.asm.org 1249Journal of Virology

http://jvi.asm.org


gate elevated substitution rates within the phylogeny than entro-
py-based approaches. Of the 263 variable Pol codons, 46 (17.5%)
exhibited dN/dS values of �1 (posterior probability of positive
selection � 0.9) (Fig. 3A and B). As expected, codons exhibiting
significant intercohort �entropy values also tended to exhibit
dN/dS ratios of �1 (P 	 0.018) (Fig. 3D), consistent with positive
selection driving some of the diversification in HIV-1 polymerase.
Importantly, codons with dN/dS ratios of �1 also tended to be
HLA associated: 35 of 129 (27.1%) HLA-associated codons had
dN/dS ratios of �1 compared to 11 of 134 (8.2%) non-HLA-
associated codons (P � 0.0001) (Fig. 3E). Taken together, the
results support HLA class I-mediated immune pressures as signif-
icant drivers of population-level HIV-1 diversification.

HLA-associated polymorphisms in HIV-1 polymerase have
spread during the epidemic. We next turned to our main objec-
tive of investigating the extent to which known HLA-associated
polymorphisms in HIV-1 polymerase have increased in circula-
tion between the historic and modern eras. Despite being conve-
nience samples, our historic and modern cohorts are nevertheless
well matched in terms of their HLA allele frequencies. These
correlated robustly between cohorts (Pearson’s R 	 0.96; P �
0.0001), and of 49 HLA alleles observed at �1% in both cohorts,
only one (A*11:01) differed significantly in frequency between
them (P � 0.05; q � 0.05) (data not shown). Matching of HLA
frequencies between cohorts is important, as the circulating prev-
alence (and thus the transmission frequency) of HLA-associated
HIV-1 polymorphisms can in some cases be influenced by the
frequency of the restricting HLA in the population (22, 68).

We began by investigating the frequencies of the subset of 20
published HLA-associated polymerase polymorphisms strongly

detectable by statistical association in data sets of the present size
(conservative definition) (see Materials and Methods and Table 1)
in individuals with and without the restricting HLA by era. All 20
polymorphisms were cases where the HLA-associated HIV-1
amino acid was a residue other than the population consensus
(“nonconsensus” polymorphisms). As expected, the frequencies
of these HIV-1 polymorphisms in individuals expressing the rel-
evant HLA allele were higher than in individuals lacking the HLA,
regardless of era (compare Fig. 4A and B). Also as expected, the
frequencies of these HIV-1 polymorphisms among individuals
carrying the relevant HLA were not significantly different between
eras (median, 42.3% [interquartile range {IQR}, 25.6 to 71.5%] in
the historic cohort versus 51.5% [IQR, 38.9 to 79.2%] in the mod-
ern cohort; P 	 0.17) (Fig. 4A). This result was also expected
because, regardless of the epidemic era, HLA-associated polymor-
phisms should be reproducibly selected in individuals expressing
the relevant HLA.

In contrast, in individuals lacking the restricting HLA allele,
the frequencies of these HIV-1 polymorphisms were significantly
higher in the modern (median, 16.8% [IQR, 5.8 to 19.7%]) than
in the historic (median, 6.6% [IQR, 1.4 to 14.2%]) cohort (P 	
0.0004) (Fig. 4B). This indicates that, on average, HLA-associated
polymorphisms have spread approximately 2.5-fold in the general
population between the historic and modern eras in North Amer-
ica. Despite this, the frequencies of some polymorphisms never-
theless remained stable between eras. Examples are the B*51:01-
restricted I135T substitution and the A*03:01-restricted K277R
substitution, both in reverse transcriptase.

Our observations of significant overall spread of HLA-associ-
ated polymorphisms between the historic and modern eras were

FIG 4 HLA-associated polymorphism frequencies in HLA� and HLA� individuals, by era. (A) Frequencies of select nonconsensus HLA-associated polymor-
phisms (conservative definition [see Materials and Methods and Table 1]) among individuals expressing the relevant HLA allele (HLA�) in the historic versus
modern cohorts. Polymorphisms of particular interest are colored. (B) Frequencies of the same conservatively defined HLA-associated polymorphisms in
individuals lacking the relevant HLA allele (HLA�) by era. (C) Frequencies of 120 comprehensively defined nonconsensus HLA-associated polymorphisms (q �
0.05 [8]) in individuals lacking the restricting HLA allele (HLA�) between historic and modern eras. Polymorphisms of particular interest are colored. P values
were determined using the Wilcoxon matched-pairs test. Individuals with known/suspected early infection were excluded from the analyses.
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upheld even when the complete published HLA-associated poly-
morphism list was used (comprehensive definition at a q value of
�0.05) (see Materials and Methods). The list comprised 120 non-
consensus HLA-associated polymorphisms and 9 HLA-associated
polymorphisms in which the HIV-1 amino acid represented the
population consensus residue (“consensus” polymorphisms).
Among individuals lacking the relevant HLA allele, the median
frequency of the nonconsensus polymorphisms was 1.8%
(IQR, 0.5 to 5.7%) in the historic cohort compared to 4.2%
(IQR, 1.4 to 12.9%) in the modern cohort (P � 0.0001) (Fig.
4C). Though these values are lower overall than those observed
in the conservative analysis (many of these published polymor-
phisms are uncommon in, or absent from, the historic and
modern cohorts), these observations are nevertheless consis-
tent with an approximately 2.4-fold polymorphism spread be-
tween eras. Of note, the frequencies of the 9 consensus poly-
morphisms in individuals lacking the relevant HLA were
higher in the historic cohort (median, 90.5% [IQR, 83.4 to
94.1%]) than in the modern cohort (median, 79.7% [IQR, 66.1
to 93%]) (P 	 0.0039) (data not shown), suggesting that their
frequencies are decreasing over time.

The historic and modern cohorts were also investigated for the
presence of HLA-associated polymorphisms using phylogeneti-
cally corrected methods in a naive manner (that is, all HLA allele–
HIV-1 codon pairs were examined for possible associations).
However, no novel HLA-associated polymorphisms were identi-
fied in either data set at a q value of �0.05 (not shown), though the
modest size of these data sets limits their power to identify such
associations.

The spread of HLA-associated polymorphisms began prior
to 1979. Though our observation of �2-fold-higher HLA-associ-
ated polymorphism frequencies in modern than in historic se-
quences strongly supports their spread over time, this observation
could be strengthened if we could demonstrate even lower fre-
quencies in HIV-1 sequences circulating between 1965 (the earli-
est estimated MRCA date) and 1979 (the date of our oldest sam-
pled sequence). To infer HIV-1 polymerase sequences from this
earlier period, we reconstructed sequences at internal nodes of the
time-dated phylogenies (Fig. 1A and data not shown), yielding
339 (PRRT) and 341 (INT) “reconstructed ancestral” sequences
dating to between 1965 and 1979 for analysis.

We then determined the frequencies of the 20 conservatively
defined HLA-associated polymorphisms in the reconstructed
MRCA sequence (all zero, as this sequence contained none of the
polymorphisms), the reconstructed ancestral sequences, and our
historic and modern cohort sequences (Fig. 5A). This analysis was
agnostic to host HLA, as this information was not available for the
MRCA or reconstructed ancestral sequences. Consistent with the
previous analyses, the frequencies of these HLA-associated poly-
morphisms increased with each passing era: the median frequency
of the 20 polymorphisms in reconstructed ancestral sequences was
2.6% (IQR, 0.3 to 12.0%) compared to 9.8% (IQR, 3.4 to 19.1%)
in the historic era and 21% (IQR, 8.6 to 23.6%) in the modern era
(P � 0.0001) (Fig. 5A). Similar trends were observed when the
comprehensive list of 120 nonconsensus HLA-associated poly-
morphisms was used (P � 0.0001) (Fig. 5B).

HIV-1 polymerase polymorphisms restricted by protective
HLA alleles may be spreading to a greater relative extent. We

FIG 5 Spread of HLA-associated polymorphisms evident from the earliest days of the North American epidemic. (A) Frequencies of nonconsensus conserva-
tively defined HLA-associated polymorphisms in the inferred MRCA sequence, reconstructed ancestral sequences (1965 to 1979), historic sequences (1979 to
1989), and modern sequences (2001 to 2011). Polymorphisms of specific interest are labeled. (B) Frequencies of 120 comprehensively defined HLA-associated
polymorphisms in the inferred MRCA sequence, reconstructed ancestral sequences, historic sequences, and modern sequences. Polymorphisms of specific
interest are labeled. Polymorphisms RT 207E (associated with B*15:01) and INT 72V (associated with both B*15:10 and B*53:01) are present in the reconstructed
MRCA sequence and decline in prevalence at the population level thereafter. Both analyses were agnostic to the individuals’ HLA status, as the information was
not available for the MRCA or reconstructed ancestors. The P value (P � 0.0001) for overall comparison was determined using the Friedman test. Historic and
modern patients with known/suspected early infection were excluded from the analyses.
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next sought to investigate whether the characteristics of a partic-
ular HLA allele might impact the spread of its associated polymor-
phisms. First, we investigated whether population HLA allele fre-
quency is a correlate of HIV-1 polymorphism spread. A total of 12
HLA class I alleles (3 HLA-A and 9 HLA-B) for which �3 HLA-
associated polymorphisms in Pol have been identified (noncon-
sensus polymorphisms comprehensively defined at a q value of
�0.05) (see Materials and Methods) were included in this analy-
sis. No significant correlation was observed between the frequency
of an HLA allele and the median fold increase of its associated
polymorphisms between the historic and modern eras (Spear-
man’s R 	 �0.13; P 	 0.68) (Fig. 6A). This suggests that HIV-1
polymorphism spread is not predominantly attributable to selec-
tion pressures imposed by common HLA alleles.

We next investigated whether HIV-1 polymorphism spread
was associated with the protective status of a given HLA allele,
defined as its published hazard ratio (HR) of progression to AIDS
(HR-AIDS) in historic natural history studies (69). A total of 10
alleles (2 HLA-A and 8 HLA-B) were investigated (HRs were not
defined for the remaining 2). A significant inverse correlation was
observed between the HR-AIDS of an allele and the median fold
increase of its associated polymorphisms between the historic and
modern eras (Spearman’s R 	 �0.71; P 	 0.03) (Fig. 6B). Note,
however, that when the polymorphism spread was quantified in
absolute as opposed to relative, i.e., fold change, terms, this asso-
ciation was not significant (Spearman’s R 	 �0.28; P 	 0.43)
(data not shown). Moreover, for 7 of 10 alleles considered in the
present analysis, the median absolute increase in polymorphism
frequency was �5%. Taken together, the results suggest that poly-
morphisms of protective alleles are spreading in the population to
a greater relative extent than those of other alleles, though in most
cases, their absolute frequencies still remain low.

Preadaptation of the average circulating HIV-1 sequence to
North American hosts remains low in the modern era. While our
data support the gradual spread of many HLA-associated poly-
morphisms in HIV-1 polymerase over time, it is important to
contextualize these findings in terms of their potential conse-

quences for host immunity. Toward this goal, we computed the
extent to which the average circulating HIV-1 sequence in each
era was preadapted to (i.e., contained HLA-associated polymor-
phisms specific for) the HLA profiles of North American hosts.
This allowed us to estimate the risk of individuals acquiring an
HIV-1 strain already adapted to their CTL response should they be
randomly infected with a sequence from that era. To do this, we
pooled the HLA profiles of the historic and modern cohort par-
ticipants to generate a hypothetical North American population.
Then, for each member of this population, we analyzed HIV-1
sequences from each era in the context of their HLA profile and
computed the median percentage of HLA-associated sites harbor-
ing the variant adapted to the individual’s alleles (“percent es-
caped”). Here, the comprehensive definition of HLA-associated
polymorphisms was used, excluding the 9 consensus HLA-associ-
ated polymorphisms.

As expected, the inferred epidemic founder virus was 0% pre-
adapted to �88% of North American hosts (the 12% nonzero
values are attributable to hosts expressing HLA-B*15:01, B*15:10,
or B*53:01, as the reconstructed MRCA harbors the B*15:01-as-
sociated RT 207E and B*15:10/B*53:01-associated INT 72V poly-
morphisms) (Fig. 7). In fact, the extent of preadaptation of circu-
lating HIV-1 sequences remained generally low across all eras (Fig.
7). Specifically, reconstructed ancestral HIV-1 sequences circulat-
ing between 1965 and 1979 exhibited a median of 0% preadapta-
tion to 97% of North American hosts (this value is higher than
that of the MRCA because not all reconstructed ancestral se-
quences harbored RT 207E and/or INT 72V due to inferred rever-
sion of these mutations in some lineages). In the historic (1979 to
1989) and modern (2001 to 2011) eras, HIV-1 sequences exhib-
ited a median of 0% preadaptation to 64% and 38% of hosts,
respectively.

These results indicate that, for a substantial proportion of the
population, the risk of acquiring an HIV-1 polymerase sequence
substantially preadapted to their HLA profile remained relatively
low across all eras. However, it is important to note that the un-
derlying distribution shifted markedly during this time (Fig. 7). By

FIG 6 Correlations between HLA allele features and relative spread of associated polymorphisms. (A) No significant correlation between the population HLA
allele frequency and the median fold increase in its associated HIV-1 polymorphisms between the historic and modern eras was observed. (B) A significant inverse
correlation between the HR-AIDS of an HLA allele and the median fold increase of its associated HIV-1 polymorphisms between eras was observed. Individuals
with known/suspected early infection were excluded from the analysis.
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the historic era, 29% of hosts were at risk of acquiring an HIV-1
polymerase sequence between 1 and 19% adapted to their HLA
profiles, and a further 8% were at risk of acquiring a sequence
�20% adapted to their HLA profiles. By the modern era, these
percentages increased to 46% and 17%, respectively. Despite these
increases, it is worth noting that the proportion of hosts at risk of
acquiring HIV-1 over 30% adapted to their HLA profile was only
2% in the modern era (Fig. 7). Taken together, while the estimated
risk of acquiring an HIV-1 polymerase sequence more than 20%
preadapted to their HLA profiles remains relatively low for the
majority of North Americans, our data nevertheless indicate that
risk of infection with a virus carrying at least some preadaptation
in Pol is increasing as the epidemic progresses.

DISCUSSION

Our analysis of linked HIV-1 polymerase sequence and host HLA
class I data from the historic (1979 to 1989) and modern (2001 to
2011) eras indicates that the frequencies of HLA-driven viral poly-
morphisms have increased, on average, approximately 2.5-fold in
circulating HIV-1 sequences in North America during this time.
The absolute magnitude of this increase differed based on the
definition of what constituted an HLA-associated HIV-1 poly-
morphism. When restricted to a conservative list of 20 polymor-
phisms strongly detectable in the present cohorts, it translated to
an average absolute increase of �10%. However, when a compre-
hensive list that included rarer polymorphisms was used (8), it
amounted to an average increase of only �2%. In relative terms,
this translated to an �2.5-fold increase, regardless of the defini-
tion. This, along with a median overall 2% absolute increase, is
consistent with results we previously reported for HIV-1 Gag and
Nef, where a similar comprehensive approach was used (33). This

consistency was not unexpected. Though Gag harbors more sites
under HLA-mediated selection than Pol, these sites are neverthe-
less generally comparable in terms of their strengths of HLA-me-
diated selection (8). Given that Gag and Pol exhibit similar levels
of sequence conservation and that our analysis investigates indi-
vidual HLA-associated polymorphisms in terms of their spread
between eras, it is not surprising that, on average, both absolute
and relative increases are similar across these HIV-1 proteins.

Our findings are thus consistent with the gradual spread of
HLA-driven polymorphisms in North American HIV-1 se-
quences. However, the observation that our reconstructed epi-
demic founder virus sequence is essentially identical to the mod-
ern North American consensus sequence, combined with our lack
of detection of novel HLA-associated polymorphisms in historic
HIV-1 sequences, suggests that no HLA-associated HIV-1 poly-
morphism has spread in North America to an extent where it has
shifted the population HIV-1 consensus. In fact, our data illumi-
nate two possible examples of the opposite phenomenon, that is,
the presence of HLA-associated polymorphisms within the epi-
demic founder virus sequence (B*15:01-associated RT 207E and
B*15:10/B*53:01-associated INT 72V) that subsequently decline
in circulating prevalence so that the consensus shifts away from
these residues.

Despite overall increases, the frequencies of certain HLA-asso-
ciated polymorphisms remained notably stable. Among these is
B*51:01-restricted RT I135T, whose prevalence was �15% in
B*51:01-negative persons in both the historic and modern eras.
The lack of spread of RT I135T in North America over the past 30
years suggests that the polymorphism reverts upon transmission
to hosts lacking the restricting HLA, though this inference is
somewhat at odds with an observed absence of in vitro replicative
cost (22) and the observation that the polymorphism does not
revert rapidly upon transmission (12) (though some studies sug-
gest that reversion does occur [70]). This observation is also some-
what at odds with the hypothesis that I135T is spreading in certain
populations (most notably in Japan, where B*51 prevalence ex-
ceeds 20% and �70% of HIV-1 sequences express I135X [22]).
We propose the following explanations for these apparent dis-
crepancies. First, ancestral phylogenetic reconstructions revealed
cases where I135T-containing ancestral nodes gave rise to I135-
containing descendants (not shown), supporting the reversion of
this polymorphism in at least some cases. Its inferred reversion is
consistent with mathematical models indicating that any rever-
sion, however slow, would prevent a polymorphism from reach-
ing fixation in a population (71). This remains true even if the
polymorphism is selected at high frequency in individuals ex-
pressing the relevant HLA (71). K277R in reverse transcriptase,
which is highly reproducibly selected in A*03-expressing individ-
uals (8, 50) and displays some evidence of reversion (12), illus-
trates this point: its frequency has remained consistent at �28%
throughout the historic and modern eras in persons lacking this
allele. Second, we hypothesize that polymorphisms are spreading
differentially across global regions due to differential HLA-driven
selection pressures in these populations. In Japan, for example,
HLA-B*52, a relatively common allele in the population, also se-
lects I135X (72), thereby contributing to its maintenance in circu-
lation. Another possibility is that the Japanese HIV-1 epidemic
was founded by an I135X-containing variant (73), which would
also explain its persistent high prevalence.

More broadly, the overall absence of correlation between the

FIG 7 Preadaptation of the average circulating HIV-1 polymerase sequence to
North Americans by era. The colored portions of the bars denote the extent to
which the average circulating HIV-1 sequence was preadapted (i.e., harbored
HLA-specific polymorphisms) to that proportion of North American hosts in
the population. Sequences from four eras were considered: the inferred MRCA
sequence (foundation of the epidemic), reconstructed ancestral sequences
(1965 to 1979), historic sequences (1979 to 1989), and modern sequences
(2001 to 2011). The P value (P � 0.0001) for overall comparison was deter-
mined using the Friedman test. Sequences from individuals with known/sus-
pected early infection were excluded from the analysis.
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population HLA prevalence and the extent of HIV-1 polymor-
phism spread suggests that the latter is not a simple result of the
former. This is corroborated by a recent database-driven study
reporting weak (or no) significant relationships between these two
factors for the majority of HLA-associated HIV-1 polymorphisms
investigated, though I135T was a notable exception (68). Rather,
our observation that HIV-1 polymorphisms restricted by protec-
tive HLA alleles appear to be spreading to a greater relative extent
than others, an observation that corroborates our previous anal-
yses of HLA-associated polymorphism spread in Gag and Nef
(33), is consistent with the idea that protective alleles mount
strong selection pressures on HIV-1 (8) and also select escape
mutations relatively early following infection in many cases, thus
possibly enhancing their probability of transmission. These find-
ings also lend credence to the idea that population-level HIV-1
adaptation to HLA may eventually diminish or eliminate the pro-
tective capacity of certain HLA alleles over time (22); indeed, re-
cent data suggest that this phenomenon is already discernible in
Botswana, a high-seroprevalence setting with a long epidemic his-
tory, where alleles such as HLA-B*57 and B*58:01 have lost their
protective status (32). In contrast, in neighboring South Africa,
where the epidemic is younger, the protective effects of these al-
leles remain intact (32). Nevertheless, even if some polymor-
phisms spread in circulation and such variants are acquired at
transmission, it is possible that some CTL response against the
incoming virus may be preserved, especially for protective HLA
alleles. This is because such alleles often restrict responses to mul-
tiple epitopes and may retain cross-reactivity against viral variants
(74, 75). In addition, de novo CTLs may emerge against selected
variants (76, 77), and de novo epitopes may also emerge (78). It is
important to emphasize that, though protective allele-associated
polymorphisms have spread to a greater relative extent than oth-
ers, the absolute values of these increases were generally modest.

It is also important to underscore that the estimated risk of
acquiring an HIV-1 polymerase sequence substantially adapted to
one’s HLA alleles remains relatively low in North America, an
observation that contrasts with the markedly higher levels of
preadaptation of the average circulating Gag, Pol, and Nef se-
quences to the HLA profiles of individuals in Botswana (and, to
a lesser extent, South Africa) (32). These differences suggest
that viral and host genetic factors (e.g., population HLA diver-
sity) (79), along with epidemic-specific factors, such as epi-
demic age, HIV incidence/prevalence, and possibly timing of
transmission (i.e., whether individuals predominantly transmit
during acute versus chronic infection, as more within-host escape
mutations will have been selected by the latter stage), are likely to
represent determinants of the tempo and impact of population-
level HIV-1 adaptation to HLA.

The present study is not without limitations. Our cohorts rep-
resent a convenience sample composed predominantly of a single
risk group (MSM) drawn from only four North American cities.
We acknowledge the possibility of sampling biases, though the
similarity between our cohort consensus and the North American
HIV subtype B consensus sequence, the consistency of our MRCA
date with published estimates of the arrival of HIV in North
America (66, 67), and the observation that North American
HIV-1 polymerase sequences obtained from the Los Alamos da-
tabase (Los Alamos National Laboratory HIV Sequence Database
[http://www.hiv.lanl.gov/components/sequence/HIV/search/search
.html]) are interspersed with those from our cohorts in a maximum-

likelihood phylogeny suggest that our data are not unrepresen-
tative of the North American epidemic. Infection dates were
unavailable for most specimens, but a greater proportion of the
historic specimens derived from individuals with known or sus-
pected early infection. Intercohort differences in clinical stage
could conceivably influence the extent of CTL escape in individ-
uals harboring the restricting HLA, though they should not affect
their prevalence in the general population to any great extent.
Nevertheless, to mitigate any possible biases, individuals with
known or suspected early infection were excluded from relevant
analyses.

Another possible limitation is that HLA-associated polymor-
phisms were defined using statistical-association approaches in
contemporary (1990s and 2000s) cohorts (8). It is thus conceiv-
able that HLA-associated polymorphisms present historically that
have subsequently spread substantially in the population would
no longer be detectable in modern cohorts by statistical associa-
tion, as they would no longer be significantly enriched among
persons with the HLA. Indeed, statistical approaches favor the
detection of polymorphisms that escape and revert rapidly (80)
and thus are less likely to accumulate at the population level (71).
Several factors mitigate these concerns. First, our comprehensive
polymorphism list included rare HLA-associated polymorphisms
(8). Second, we did not identify any novel HLA-associated
polymorphisms in our historic cohort. Third, the near identity
between our reconstructed epidemic founder virus sequence
(MRCA) and the modern North American subtype B consensus
sequence suggests that no polymorphisms present earlier in the
epidemic have accumulated to the point where they now represent
the consensus residue. In fact, the declining prevalence of consen-
sus HLA-associated polymorphisms in circulation (e.g., RT 207E
and INT 72V) suggests that they are not spreading but rather
represent host adaptations present in the epidemic founder virus
sequence that subsequently reverted in some hosts (33).

Finally, as we focused on the Pol gene, the introduction of antiret-
roviral therapies (ARVs) merits brief mention (RT inhibitors were
introduced in the late 1980s and protease inhibitors in the mid
1990s). While ARV- and HLA-associated sites do not generally coin-
cide (only 2 of 34 major PRRT drug resistance sites [RT 106 and 138]
are also HLA-associated sites; 5 of 29 minor drug resistance sites are
HLA associated), and even when they do, they tend to select different
mutations (8, 59), and �95% of individuals in our study were drug
naive, the modern era is nevertheless post-ARV. Thus, if unknown
secondary or tertiary mutations selected under ARV pressures, now
present in circulation, overlapped HLA-associated polymorphisms
or somehow modulated their selection, then ARVs could theoreti-
cally confound our observations. We thus reanalyzed PRRT and INT
fragments separately, reasoning that if ARVs were a confounder, we
would observe differential evidence for HLA-associated polymor-
phism spread in these regions (while PR and RT inhibitors are now
widely used, the first integrase inhibitor was not approved until
2007). However, doing so yielded results entirely consistent with the
overall analysis (i.e., statistically significant �2- to 2.5-fold increases
in polymorphism spread regardless of gene region or HLA polymor-
phism definition) (data not shown), suggesting that the introduction
of ARVs is not a major confounder of our observations.

In summary, HLA-associated polymorphisms in HIV-1 poly-
merase, like those in Gag and Nef (33), are slowly spreading in
North America. Though the majority of North American hosts
remain at relatively low risk of acquiring an HIV-1 polymerase
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sequence at transmission that is substantially preadapted to
their HLA class I profiles, even modest increases in the level of
adaptation in circulating sequences could have immunologic
implications. Taken together with recent studies suggesting
more extensive HIV-1 adaptation to HLA in older, high-prev-
alence epidemics (32), the results underscore an HIV vaccine
as a global priority, alongside current international efforts to
achieve universal access to HIV-1 therapies as treatment and
prevention (81).
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