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Abstract

HLA-restricted immune escape mutations that persist following HIV transmission could gradually spread through the
viral population, thereby compromising host antiviral immunity as the epidemic progresses. To assess the extent and
phenotypic impact of this phenomenon in an immunogenetically diverse population, we genotypically and
functionally compared linked HLA and HIV (Gag/Nef) sequences from 358 historic (1979–1989) and 382 modern
(2000–2011) specimens from four key cities in the North American epidemic (New York, Boston, San Francisco,
Vancouver). Inferred HIV phylogenies were star-like, with approximately two-fold greater mean pairwise distances in
modern versus historic sequences. The reconstructed epidemic ancestral (founder) HIV sequence was essentially
identical to the North American subtype B consensus. Consistent with gradual diversification of a ‘‘consensus-like’’
founder virus, the median ‘‘background’’ frequencies of individual HLA-associated polymorphisms in HIV (in
individuals lacking the restricting HLA[s]) were ,2-fold higher in modern versus historic HIV sequences, though these
remained notably low overall (e.g. in Gag, medians were 3.7% in the 2000s versus 2.0% in the 1980s). HIV
polymorphisms exhibiting the greatest relative spread were those restricted by protective HLAs. Despite these
increases, when HIV sequences were analyzed as a whole, their total average burden of polymorphisms that were
‘‘pre-adapted’’ to the average host HLA profile was only ,2% greater in modern versus historic eras. Furthermore,
HLA-associated polymorphisms identified in historic HIV sequences were consistent with those detectable today,
with none identified that could explain the few HIV codons where the inferred epidemic ancestor differed from the
modern consensus. Results are therefore consistent with slow HIV adaptation to HLA, but at a rate unlikely to yield
imminent negative implications for cellular immunity, at least in North America. Intriguingly, temporal changes in
protein activity of patient-derived Nef (though not Gag) sequences were observed, suggesting functional
implications of population-level HIV evolution on certain viral proteins.
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Introduction

Escape from Human Leukocyte Antigen (HLA) class I-restricted

CD8+ T-lymphocytes (CTL) in Human Immunodeficiency Virus

Type 1 (HIV) occurs along mutational pathways that are broadly

reproducible based on the HLA alleles expressed by the host [1–

4]. The opposite phenomenon (that is, reversion of escape

mutations to consensus upon HIV transmission to an individual

lacking the restricting HLA) is somewhat more variable. While

some escape mutations revert relatively rapidly following trans-

mission [5–7], others do so more slowly [8,9]. Yet others (perhaps

because they harbor no fitness costs, or such costs are rescued by

the presence of compensatory mutations) revert rarely or not at all

[10–13]. If escape mutations reverted rapidly and consistently,

their prevalence in HLA-mismatched persons would remain stably

low (or negligible) over time [9]. However, escape mutations

persisting upon transmission could gradually spread throughout

the population [10,12,14–16]. Analogous to the negative impact of

transmitted drug resistance mutations on treatment efficacy [17],

acquisition of ‘‘immune escaped’’ HIV by persons expressing the

relevant HLA allele could undermine the ability of their CTL to

control infection. As such, the spread of HIV strains harboring

escape mutations throughout the population could gradually

undermine host antiviral immune potential, and potentially

diminish the protective effects of certain HLA alleles, as the

epidemic progresses [11,12,18].

The extent to which immune escape mutations are accumulat-

ing in HIV sequences over time remains incompletely elucidated –

a knowledge gap attributable in part to the scarcity of historic data.

Nevertheless, some supportive data exist. It has been suggested

that CTL epitopes in European HIV sequences are being ‘‘lost’’

over time through mutational escape, in particular via selection by

HLA-B alleles, though this study was limited by the modest

number of sequences analyzed [19]. Higher HIV polymorphism

frequencies have been reported in modern compared to historic

South American HIV subtype B and F sequences, though this

study was limited by the lack of host HLA characterization [20].

The high (,75%) frequency of the B*51-associated HIV Reverse

Transcriptase (RT) I135X mutation in Japan, a population where

B*51 prevalence approaches 20%, is also consistent with escape

mutation accumulation [12], though the possibility that the

Japanese epidemic was founded by an HIV sequence containing

RT-I135X cannot be ruled out. That certain (though not all)

escape mutations are capable of spreading in HIV-infected

populations has also been demonstrated via mathematical

modeling [9]. However, conclusive assessment of the extent to

which escape mutants are accumulating in circulation ideally

requires large datasets of linked HLA/HIV genotypes from

historic and modern eras, combined with ancestral (founder)

sequence reconstruction of the studied epidemics.

The potential pathogenic implications of population-level HIV

evolution are also of interest. It has been hypothesized that

conflicting selection pressures imposed on HIV by HLA-diverse

host populations could lead to (relative) viral attenuation over

time, while consistent pressures imposed by populations with

limited HLA diversity could increase HIV virulence [21].

However, the complex tradeoffs between immune evasion benefits

versus fitness costs of escape, and the context-specific nature of

these factors with respect to the host genetic milieu, render this a

challenging question to address. A recent meta-analysis of HIV

clinical prognostic markers (plasma viral load and CD4+ T-cell

counts) in cohorts from North America, Europe and Australia

suggested that HIV could be increasing in virulence [22], but

other reports have been highly conflicting [23–30]. Alternatively,

pathogenic implications may be investigated, albeit incompletely

and indirectly, via assessment of HIV protein function and/or

replication capacity of patient-derived viral sequences – though

historic data remain scarce. Reductions in replication capacity of

recombinant HIV expressing gag-protease sequences from Japa-

nese patients, a population with relatively constrained HLA

diversity [12,31], have been reported since the 1990s [32], while

two earlier studies examining replicative fitness of recombinant

viruses expressing HIV RT sequences from historic and modern

European isolates yielded opposing results [23,33].

The goals of the present study are to assess the extent to which

HLA-associated polymorphisms are accumulating in HIV se-

quences over time in a large epidemic region comprising an

immunogenetically diverse population (North America), and to

investigate whether any genotypic changes have been accompa-

nied by functional implications for the virus. To do this, we

genotypically and functionally assessed HIV sequences, linked to

host HLA information, from 358 historic (1979–1989) and 382

modern (2000–2011) specimens from four key cities in the

epidemic (New York [34,35], Boston [36,37], San Francisco

[34,38,39] and Vancouver, Canada [40–42]). We performed

ancestral phylogenetic reconstructions to infer North America’s

most recent common ancestor (MRCA) HIV sequence, and we

defined HLA-associated polymorphisms based on independent

published sources [43]. We focused on Gag and Nef, as these are

immunogenic HIV proteins whose sequence variability is

substantially influenced by HLA [43] and whose function is

susceptible to immune-mediated attenuation [44–46].

Overall, we observed an HIV epidemic that is steadily

diversifying (in part due to HLA pressures), where background

frequencies of HLA-associated polymorphisms have, on average,

increased by a modest extent over the study period. Notably, HIV

polymorphisms selected by protective HLA alleles appear to have

increased to a greater relative (though not absolute) degree than

those restricted by non-protective alleles. Despite these increases,

average escape mutation background frequencies remain, in

absolute terms, low. As such, we contend that HIV adaptation

to host HLA is unlikely to yield imminent negative implications for

cellular antiviral immunity, at least in North America. Intriguing-

ly, changes in Nef (though not Gag) activity were observed over

the epidemic’s course, suggesting functional impacts of ongoing

HIV evolution on certain viral proteins.

Results

HLA and HIV diversity in historic and modern cohorts
A total of 358 historic HIV sequences spanning 1979–1989,

from observational cohorts of men who have sex with men (MSM)

established in four key cities in the North American epidemic (New

York [34,35], Boston [36,37], San Francisco [34,38,39] and

Vancouver [40–42]), were studied alongside 382 modern North

American HIV sequences spanning 2000–2011 from untreated

Host Adaptation of HIV-1 in North America
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persons belonging to various risk groups. High-resolution HLA

class I sequence-based typing, aided where necessary by imputa-

tion using a published [47] and extensively validated [43]

machine-learning algorithm, was successful for 330 (of 358;

92.2%) historic and 381 (of 382; 99.7%) modern specimens. The

lower success rate for historic samples reflects the use of serum or

plasma as a genomic DNA source [48]. A limitation of serum-

based typing is the potential overrepresentation of homozygous

types due to amplification of only one allele of the pair [48];

indeed, this bias was noted (e.g.: HLA-B homozygosity was 9% in

the historic compared to 5% in the modern cohort, p = 0.03).

Nevertheless, historic and modern cohorts exhibited comparable

HLA allele frequencies (Pearson’s R = 0.97, p,0.0001,

and Figure S1), indicating that our analyses of the spread of

HLA-associated HIV polymorphisms are unlikely to be majorly

confounded by intercohort differences in the frequencies of their

restricting HLA alleles.

Plasma HIV RNA amplification and bulk sequencing of Gag

and/or Nef was successful for the above-mentioned 358

historic specimens (of an original total of 497 specimens

tested, 72.0% genotyping success rate), yielding 299 Gag and

335 Nef sequences for study. Success rates of historic Gag and/

or Nef genotyping, by site, were: New York 73 (of 94; 77.6%),

San Francisco 32 (of 75; 42.7%), Boston 242 (of 282; 85.8%)

and Vancouver 11 (of 46, 23.9%). Infection stage was unknown

for most historic specimens, though these included 67

individuals with known or suspected early infection, all from

New York. Gag and/or Nef sequencing was successful for 382

modern specimens in total: 358 (93.7%) for Gag and 337

(88.2%) for Nef, all from individuals with chronic infection. All

HIV sequences were subtype B.

Estimated maximum-likelihood HIV Gag and Nef phylogenies

exhibited star-like shapes typical of HIV sequences sampled from

a population [49] (Figure 1). Despite being a convenience

sample, historic sequences exhibited no gross segregation by early

(1979–1982; N = 28), mid (1983–1985; N = 122) and later (1986–

1989; N = 208) eras. Moreover, unique historic North American

sequences in the Los Alamos National Laboratory (LANL) HIV

database (totaling 27 Gag and 56 Nef sequences spanning 1982–

1989) were interspersed throughout the phylogenies, as were

sampled modern LANL sequences spanning 2000-present

(Figure 1). Despite some clustering by city and the predomi-

nance of historic sequences in two lineages of a combined

phylogeny (Figure S2), the historic and modern cohort

consensus HIV sequences were consistent with one another as

well as the LANL North American and global (worldwide)

subtype B consensus sequences (Figure S3), with all differences

occurring at highly variable residues. Results thus support our

HIV sequences as not grossly unrepresentative of the North

American epidemic.

HIV sequence diversity within the modern cohort was substan-

tially greater than that of the historic cohort (Figure 1). Grouped by

era, the mean (6standard deviation [SD]) patristic (pairwise) genetic

distances in Gag were 0.02060.004 (1979–1982), 0.02760.009

(1983–1985), 0.03460.009 (1986–1989), and 0.07460.012 (2000+)

substitutions per nucleotide site, while those for Nef were

0.04360.010, (1979–1982), 0.05760.014 (1983–1985),

0.07260.015 (1986–1989), and 0.1260.025 (2000+) substitutions

per nucleotide site. Modern HIV cohort sequences (all sampled

during chronic infection) exhibited comparable mean pairwise

distances to modern acute-phase subtype B sequences not included

in the previous analysis (not shown), suggesting that infection stage

was not a major confounder of our diversity estimates by era. Taken

together, results support a diversifying North American epidemic

[50] where average intra-subtype Gag and Nef genetic distances

have increased approximately two-fold since the 1980s.

North American Gag and Nef MRCA sequences are
essentially identical to consensus

Before claiming that any highly prevalent HIV polymorphism

has arisen as a result of its spread through the population over

time, it is important to rule out its presence at the epidemic’s

genesis (i.e. founder effect [51]). We therefore estimated the

founder virus sequence of the North American epidemic by

reconstructing the most recent common ancestor (MRCA)

sequence at the root of the Gag and Nef phylogenies. To this

end, we performed $50,000 MRCA reconstructions per HIV

protein on random subsets of the historic sequence data using

BEAST (see methods and [52]), and computed a ‘‘grand

consensus’’ MRCA reconstruction per protein (Figure 2). Over-

all, reconstruction confidence exceeded 80% for all but one codon

in Gag (residue 67) and for all but 6 codons in Nef (residues 15, 21,

51, 152, 178 and 205), all of which are highly polymorphic sites

(,70% amino acid conservation) (Figure 2). The consensus of

Gag sequence reconstructions at the MRCA differed from the

LANL North American HIV subtype B consensus at only four

residues (A67S, R76K, K91R and E102D), while the consensus of

Nef MRCA reconstructions was identical to it (Figures 2 and
S3). Note the four ancestor/consensus differences in Gag merit

cautious interpretation, as codon 67 was reconstructed with ,80%

confidence and the remainder are sites with ,60% conservation at

the amino acid level. MRCA reconstructions undertaken using

random subsamples of both historic and modern Gag and Nef

sequences were consistent with those computed from historic

sequences only (not shown). Finally, the grand mean MRCA date

estimate from phylogenetic reconstructions inferred from random

subsamples of both historic and modern sequences was 1965

(range 1962–1967). The consistency of this date with published

estimates of a 1960s U.S. epidemic origin [53–55] provides

Author Summary

Upon HIV transmission, many – though not all – immune
escape mutations selected in the previous host will revert
to the consensus residue. The persistence of certain escape
mutations following transmission has led to concerns that
these could gradually accumulate in circulating HIV
sequences over time, thereby undermining host antiviral
immune potential as the epidemic progresses. As certain
immune-driven mutations reduce viral fitness, their spread
through the population could also have consequences for
the average replication capacity and/or protein function of
circulating HIV sequences. Here, we characterized HIV
sequences, linked to host immunogenetic information,
from patients enrolled in historic (1979–1989) and modern
(2000–2011) HIV cohorts from four key cities in the North
American epidemic. We reconstructed the epidemic’s
ancestral (founder) HIV sequence and assessed the
subsequent extent to which known HIV immune escape
mutations have spread in the population. Our data
support the gradual spread of many - though not all -
immune escape mutations in HIV sequences over time, but
to an extent that is unlikely to have major immediate
immunologic consequences for the North American
epidemic. Notably, in vitro assessments of ancestral and
patient-derived HIV sequences suggested functional im-
plications of ongoing HIV evolution for certain viral
proteins.

Host Adaptation of HIV-1 in North America
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additional support for our data as representative of the North

American epidemic.

HIV diversification is attributable, at least in part, to HLA
selection pressures

A diversifying epidemic will, by definition, feature increasing

viral polymorphism frequencies. Thus, to give relevance to our

objective of measuring the spread of HLA-driven polymorphisms

in HIV sequences over time, it is important to first demonstrate

that HIV diversification is driven, at least in part, by HLA

pressures. If so, we reasoned that HIV codons known to be under

selection by HLA would, on average, have diversified to a greater

extent than those not under selection by HLA.

To investigate this, we first needed to independently define a

list of HIV sites that are known to be under selection by specific

HLA alleles. We defined these based on an independent

published study of .1800 treatment-naı̈ve individuals with

chronic HIV subtype B infection from cohorts in Canada, the

USA and Australia [43], that had no overlap with the historic or

modern cohorts studied here. In that study, HLA-associated

polymorphisms in HIV were identified using phylogenetically-

corrected association testing approaches (see methods and [43]).

For the present analysis of HLA selection and HIV diversifica-

tion, an inclusive definition of ‘‘HIV sites under selection by

HLA’’ was warranted; therefore, we defined this as all Gag and

Nef codons associated with at least one HLA allele that met a

false-discovery rate threshold of ,20% (q-value ,0.2) in the

independent study (see methods and [43]). This totaled 95 (of

500) codons in Gag and 99 (of 206) codons in Nef.

We began with Gag, by aligning historic and modern amino

acid sequences to the HIV reference strain HXB2 and computing

changes in Shannon Entropy on a per-codon basis (1000

bootstraps). This revealed 69 (of 500; 14%) codons whose

entropies were significantly higher (p,0.001, q,0.01) in modern

versus historic sequences (Figures 3A, 3B). To minimize

circularity of arguments, we next excluded highly (.99%)

conserved codons from consideration, as these cannot diversify

to any great extent (and as such, are rarely identified as HLA-

associated [43]) – leaving 219 ‘‘variable’’ Gag codons for analysis.

Stratifying these sites by their HLA status indicated that, of the 95

Gag sites under selection by HLA [43], 45.2% exhibited

significantly higher entropy in modern versus historic sequences,

compared to 21.0% of the 124 sites not associated with HLA

(p = 0.0002, Figure 3C). This indicates that HLA-associated viral

sites tend to be those that have diversified the most between

historic and modern-era HIV sequences.

While entropy approaches strictly investigate the end products

of diversification, dN/dS-based approaches provide a more direct

Figure 1. Diversity of North American Gag and Nef sequences from historic (1979–1989) and modern (2000+) eras. Unrooted
Maximum likelihood phylogenetic trees, drawn on the same distance scale, are shown for historic Gag (upper left), historic Nef (lower left), modern
Gag (upper right) and modern Nef (lower right). Phylogenies are star-like, with Nef exhibiting greater diversity than Gag, and modern trees exhibiting
greater diversity than historic ones. Cohort sequences are colored by sampling era: red (1979–1982), green (1983–1985), blue (1986–1989) and purple
(2000+); North American sequences retrieved from the Los Alamos (LANL) database are in grey. Included in each tree is the HIV subtype B reference
strain HXB2, shown in black and indicated with an arrow.
doi:10.1371/journal.pgen.1004295.g001

Host Adaptation of HIV-1 in North America
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way to investigate elevated substitution rates within the phylogeny.

As such, we identified sites under significant pervasive positive

(diversifying) selection in a maximum-likelihood phylogeny com-

prising historic and modern sequences using the fast unconstrained

Bayesian approximation for inferring selection algorithm [56]. As

expected, after excluding codons that were .99% conserved, sites

under pervasive positive selection were more likely to experience a

significant increase in entropy (p,161025, not shown) (indicating

that positive selection is driving some of this diversification), and

were more likely to be HLA-associated (suggesting that HLA

represents a major source of this selection pressure) (p = 0.0022,

Figure 3D).

We repeated these analyses for Nef, revealing trends consistent

with those observed for Gag (Figure S4). Results thus suggest that

ongoing HIV diversification is attributable, at least in part, to HLA

pressures.

Assessing the spread of HLA-associated polymorphisms
in the population over time

We now turn to our major goal of assessing the spread of HLA-

associated polymorphisms in the population over time. If escape

mutations in HIV are reproducibly selected in individuals

expressing particular host HLA(s), but such mutations consistently

and rapidly reverted upon transmission, then we would expect

Figure 2. Reconstructed ancestral sequences at the root of the inferred Gag and Nef phylogenies, representing the estimated most
recent common ancestor (MRCA) of the North American epidemic. A minimum of $50,000 reconstructions of the ancestral sequence at the
root of the Gag and Nef phylogenies were performed, and the inferred MRCA was computed as the ‘‘grand consensus’’ of these replicate
reconstructions. For each codon, reconstruction confidence (computed as the frequency of each amino acid observed across all reconstructions) is
indicated on the y-axis on a scale from 0 (0%) to 1 (100%). Blue letters represent the highest-confidence residue at each position; green letters
represent lower-confidence residues. All amino acids observed at .0.01 (.1%) reconstruction frequency are shown. Yellow boxes highlight positions
where the highest-confidence (blue) inferred ancestral residue differs from the North American consensus B sequence (displayed in Figure S3).
doi:10.1371/journal.pgen.1004295.g002

Host Adaptation of HIV-1 in North America

PLOS Genetics | www.plosgenetics.org 5 April 2014 | Volume 10 | Issue 4 | e1004295



Figure 3. Gag residues exhibiting significant diversification over time are biased towards known HLA-associated sites. Panel A:
Differences in Shannon entropy (Dentropy) between modern and historic sequences are shown for every Gag codon. Positive y-values indicate higher
entropy in modern vs. historic sequences at that codon; negative y-values indicate the opposite. Red bars indicate significant entropy differences
(defined as p,0.001, q,0.01); blue colors indicate differences that do not reach this significance threshold. Grey dots designate known HIV sites
under selection by HLA (as defined in [43]). Green dots designate sites that display significant evidence of pervasive positive selection (dN/dS.1;
posterior probability .0.9). Panel B: Same as panel A, but sorted by decreasing Dentropy rather than codon order. Panel C: Graphical depiction of a
262 contingency table stratifying variable (,99% conserved) Gag codons based on their status as HLA-associated (yes vs. no), and whether they
exhibited significant Dentropy between modern and historic datasets (p,0.001 [red] vs. not [blue]). Ns are indicated above each bar. Panel D:

Host Adaptation of HIV-1 in North America
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their frequencies to be generally higher among individuals

expressing the relevant HLA(s), and generally low among

individuals lacking them, at levels that remain stable over time.

But, if HLA-associated polymorphisms were to persist upon

transmission and gradually spread in the population, we would

expect polymorphism frequencies among HLA-matched individ-

uals to remain stably higher, but polymorphism frequencies

among individuals lacking the restricting HLA(s) to increase over

time. As such, we stratified our HLA-associated polymorphism

frequency comparisons between epidemic eras with respect to

persons expressing, versus not expressing, the relevant HLA(s).

As before, we defined HLA-associated polymorphisms accord-

ing to an independent source [43]. Because the present analysis

investigated individual viral polymorphisms (rather than just sites)

associated with HLA, a more specific definition was warranted.

As such, we investigated all HLA-associated ‘‘adapted’’ (escape

mutant) forms meeting a false-discovery rate threshold of ,5% in

the original study (see [43] and methods). This list comprised

specific HLA-associated polymorphisms occurring at 71 Gag and

96 Nef codons [43]. HLA-associated polymorphisms in HIV were

additionally stratified based on whether they represented

consensus or non-consensus viral residues. Though the vast

majority of HLA-associated polymorphisms represent non-con-

sensus residues, a minority represent cases where an HLA allele is

associated with preservation of the consensus residue at a given

site (e.g. HLA-B*07:02 is associated with preservation of

consensus G357 in Gag) [43]. We analyzed such cases separately

because, under conditions of star-like diversification of a

‘‘consensus-like’’ founder, the null expectation is for polymor-

phism (i.e. non-consensus) frequencies to increase, and consensus

frequencies to decrease, over time. Separating them also allows

more intuitive interpretation when polymorphism frequencies are

summarized as averages.

We began by investigating the frequencies of 70 non-consensus

HLA-associated polymorphisms, occurring at 60 codons in Gag,

between HLA-expressing and non-expressing persons in the

historic and modern cohorts (Figure 4). As expected, individual

polymorphism frequencies varied widely, but they were neverthe-

less enriched among individuals expressing the relevant HLA(s)

(Figure 4A) compared to individuals lacking them (Figure 4B). In

accordance with the null expectation, polymorphism frequencies

in persons harboring the relevant HLA(s) were consistent across

historic (median 18%, Interquartile Range [IQR] 4–54%) and

modern (median 23% [IQR 7–45%]) cohorts (p = 0.8; Figure 4A).

For example, Gag-242N frequency was $70% among persons

expressing a B58 supertype allele, regardless of era. In persons

lacking the relevant HLA(s), we also observed numerous examples

of polymorphisms whose frequencies remained stable between

historic and modern eras (e.g. Gag-242N frequency remained

,1% in persons lacking a B58 supertype allele) (Figure 4B).

Overall though, the average frequencies of these polymorphisms in

persons lacking the relevant HLA(s) were modestly, yet statistically

significantly, higher in modern (median 3.7% [IQR 2–19%])

compared to historic (median 2.0% [IQR 0.7–10%]) sequences

(p = 0.0002; Figure 4B), a result consistent with the spread of

many – though not all – HLA-driven polymorphisms in the

population. Results remained significant after adjusting for minor

inter-cohort differences in HLA frequencies (as these influence

rates of polymorphism transmission) (p = 0.001, Wilcoxon one-

sample test, not shown).

Under conditions where HLA-associated polymorphisms are, on

average, slowly spreading through the population, we would expect

the statistical associations between HIV polymorphisms and their

restricting HLA(s) to concomitantly weaken. Indeed, this appeared

to be the case. The median odds ratios of association between HIV

Gag polymorphisms and their restricting HLA(s) were modestly

lower in modern (median OR 3.1 [IQR 1.7–7.1]) compared to

historic (median OR 3.8 [IQR 1.2–17.5]) cohorts (p = 0.009,

Figure 4C).

Similar trends were observed for the 89 non-consensus HLA-

associated polymorphisms occurring at 77 codons in Nef. Among

persons expressing the relevant HLA(s), Nef polymorphism

frequencies remained consistently elevated in historic (median

14% [IQR 3–50%]) and modern (median 15% [IQR 3–41%])

cohorts (p = 0.7; Figure 4D). In persons lacking the relevant

HLA(s), examples of polymorphisms whose frequencies remained

stable across historic and modern cohorts were noted (e.g. Nef-94E

frequency remained ,1% in persons lacking B*08, while Nef-

135F remained ,10% in persons lacking A*23:01 and A*24)

(Figure 4E). Overall though, the average frequencies of these

polymorphisms in persons lacking the relevant HLA(s) were

modestly higher in modern (median 3.4% [IQR 1–12%])

compared to historic (median 2.0% [IQR 0.6–11%]) sequences,

though this did not reach statistical significance (p = 0.054)

(Figure 4E). Median odds ratios of association between Nef

polymorphisms and their restricting HLA(s) were also slightly

lower in modern (median 3.1 [IQR 1.7–7.1]) compared to historic

(median 3.8 [IQR 1.2–17.5]) cohorts, though not significantly so

(p = 0.065, Figure 4F).

We also investigated HLA-associated polymorphisms occurring

at 11 Gag and 19 Nef codons where the association represented

the consensus residue [43]. As expected, we observed higher

frequencies of these consensus residues in individuals restricting

the relevant HLA(s) compared to individuals lacking them (Figure
S5). We also observed trends, though not statistically significant,

towards lower consensus frequencies at these sites in modern

versus historic sequences, regardless of HLA alleles expressed

(Figure S5).

Taken together, our results are consistent with a scenario in

which, on average, non-consensus HLA-associated polymorphisms

have increased in frequency in North American HIV sequences

over time. That said, the observed increases for Nef were not

statistically significant, and both proteins harbored numerous

examples of HLA-driven polymorphisms with stable background

prevalence (e.g. Gag-242N, Nef-94E, Nef-135F). Moreover,

although results for Gag attained statistical significance, average

polymorphism background frequencies remained notably low,

regardless of era. Our results thus indicate that not all HLA-driven

polymorphisms are accumulating in circulation. Rather, our

results suggest a diversity in accumulation rates, with the majority

of nonconsensus polymorphisms spreading slowly (and others not

at all) – and consensus residues decreasing in frequency overall.

These observations confirm slow polymorphism spread predicted

by mathematical models [9] and are consistent with an epidemic

that is gradually diversifying under selection pressures that include

HLA.

Graphical depiction of a 262 contingency table stratifying variable (,99% conserved) Gag codons based on their status as HLA-associated (yes vs.
no) and evidence that they are under significant pervasive positive selection (dN/dS.1; posterior probability .0.9 [green] vs. not [black]). Ns are
indicated above each bar.
doi:10.1371/journal.pgen.1004295.g003
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Comparing the extent to which historic and modern
sequences are ‘‘pre-adapted’’ to host HLA

Our results suggest that, on average, HLA-associated polymor-

phisms are spreading in the population, albeit slowly. From an

immunological perspective, an increasing burden of escape

mutations in circulating HIV strains over time could yield a

reduction in the ability of individuals to control the virus via cellular

responses as the epidemic progresses. We thus asked: if an individual

were to be randomly infected by an HIV sequence from the historic

or modern eras, to what extent would the latter contain a higher

burden of polymorphisms that are ‘‘pre-adapted’’ to their HLA? To

estimate this quantity, we compared each individual’s HLA profile

against all historic and modern chronic-phase HIV sequences in our

dataset, and calculated the percentage of HLA-associated sites in

each sequence exhibiting the adapted form specific to each person’s

total HLA profile. Comparison of the overall per-person averages

thus represents the expected extent to which a randomly sampled

HIV sequence would be pre-adapted to a given individual, had they

been infected by a sequence from that era. Focusing first on

non-consensus HLA-associated polymorphisms, our calculations for

Gag yielded a median ‘‘percentage HIV sites pre-adapted to one’s

HLA profile’’ of 14.9% [IQR 10.1–19.5%] for historic versus a

median of 17% [IQR 12.7–22.4%] for modern sequences, an

average increase of only ,2% (Figure S6). Inclusion of consensus

HLA-associated polymorphisms further minimized this gap (not

shown). For Nef, the median ‘‘percentage of adapted sites’’

remained consistent across eras (19.0% in historic versus 18.5% in

modern) (Figure S6); moreover, inclusion of consensus polymor-

phisms resulted in lower overall percentages in modern compared to

historic sequences (not shown). Results therefore suggest that,

Figure 4. Differences in non-consensus escape mutant frequencies in persons expressing versus not expressing the restricting HLA
allele(s), by era. Panel A: Frequencies of 70 published non-consensus HLA-associated polymorphisms (defined in [43]), in historic (1979–1989) and
modern (2000+) HIV Gag sequences from individuals expressing the restricting HLA allele(s) are shown as linked pairs. A selection of well-known HLA-
associated polymorphisms are labeled with their codons and restricting allele(s). P-values for all figure panels are computed using the Wilcoxon
matched-pairs test. Panel B: Frequencies of these same 70 HLA-associated polymorphisms in historic and modern HIV Gag sequences from
individuals lacking the restricting HLA allele(s). Panel C: Odds Ratios of association between these 70 HLA-associated Gag polymorphisms and their
restricting HLA allele(s) in historic (1979–1989) and modern (2000+) cohorts. Panel D: Frequencies of 89 published nonconsensus HLA-associated
polymorphisms in historic and modern HIV Nef sequences from individuals expressing the restricting HLA allele(s). Panel E: Frequencies of these
same 89 HLA-associated polymorphisms in historic and modern HIV Nef sequences from individuals lacking the restricting HLA allele(s). Panel F:
Odds Ratios of association between these 89 HLA-associated Nef polymorphisms and their restricting HLA allele(s) in historic and modern cohorts.
doi:10.1371/journal.pgen.1004295.g004
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despite HIV diversification, an individual’s overall expected risk of

acquiring escape mutant viruses specific to their HLA allele profile

has increased only minimally for Gag, and not at all for Nef, since

the 1980s in North America.

Polymorphisms restricted by protective HLA alleles
appear to be accumulating to a greater relative (though
not absolute) extent

Broadly speaking, at any given point in time, the average

background frequencies of HLA-associated polymorphisms in

circulating HIV sequences will generally positively correlate with

the frequencies of their restricting HLA alleles in the population

[12]. This is because higher absolute numbers of persons expressing

the HLA will generally translate to higher absolute numbers of

polymorphisms selected and thus transmitted (though many factors,

including the wide-ranging probabilities of polymorphism selection

given their location and restricting HLA, the fact that multiple HLA

alleles select the same – or opposing – mutations at a given location,

the existence of ‘‘consensus’’ HLA-associations, and the timing of

polymorphism selection/reversion, will render this correlation less

than perfect). Nevertheless, such a positive trend is observed in both

the historic and modern cohorts, as expected (Figure S7).

However, we are specifically interested in investigating the extent

to which HLA-associated polymorphisms are spreading through the

population over time. We thus asked: are polymorphisms restricted

by certain HLA alleles increasing to a greater extent than others?

To do this, we analyzed all HLA allele groups for which a

minimum of three HLA-associated polymorphisms (regardless of

whether they were consensus or non-consensus) were studied (25

alleles total). For each HLA-associated polymorphism, we

computed its fold-increase in background frequency over time

(for example, a hypothetical polymorphism with a background

frequency of 1% in the historic cohort versus 2% in the modern

cohort would equate to a two-fold increase). For each HLA allele

we then calculated the median fold-increase in frequency of all

polymorphisms restricted by it. Overall, we observed no significant

correlation between the frequency of a restricting HLA allele and

the relative extent to which its polymorphisms spread throughout

the population between historic and modern cohorts (Spearman’s

R = 20.35, p = 0.09) (Figure 5A). Taken together with the results

in Figure S7, this indicates that, at any given point in time,

polymorphisms restricted by common HLA alleles will generally

be found at higher absolute frequencies in a population than those

restricted by rarer ones, but such polymorphisms do not appear to

be spreading in the population to a greater relative extent (i.e.

when expressed in terms of fold-change) over time.

Strong epidemiological links between host carriage of specific

HLA class I alleles and HIV disease progression have been

demonstrated in natural history studies (e.g.: [57]), with some alleles,

notably HLA-B*57 and HLA-B*27, consistently associated with

slower progression [57–59]. We therefore wished to investigate the

relationship between an HLA allele’s ‘‘protective’’ status (defined as

its published Hazard Ratio for progression to AIDS [57]) and its

median fold-increase in polymorphism background frequency

between historic and modern eras. Of interest, we observed a

significant inverse correlation between these two parameters

(Spearman’s R = 20.52, p = 0.0076) (Figure 5B), suggesting that

polymorphisms restricted by protective HLA alleles have, in relative

(fold-change) terms, spread to a greater extent in the population

than those restricted by non-protective HLA alleles.

It is nevertheless important to contextualize these results in

absolute terms. Of the six HLA-B*57-associated sites studied in

Gag, historic sequences harbored a median 0 [IQR 0–1] B*57-

associated polymorphisms at these sites, compared to 1 [IQR 0–2]

in modern Gag sequences. Of the six B*57-associated sites in Nef

(two of which represent ‘‘consensus’’ associations), both historic

and modern sequences harbored a median of 2 [IQR 1–3] B*57-

associated adapted polymorphisms. It thus remains unclear to

what extent these modest absolute increases may compromise the

protective effects of certain HLA alleles as the epidemic progresses.

HLA-associated polymorphisms identified via association
approaches are consistent between historic and modern
cohorts

We have thus far defined HLA-associated polymorphisms as

those identified in independent modern cohorts by statistical

Figure 5. Protective HLA alleles are associated with the greatest relative increases in HLA-associated polymorphism background
frequencies. Each dot illustrates a single HLA class I allele, colored red, blue and green, for HLA-A, -B, and -C alleles, respectively. Panel A: No
significant correlation is observed between the frequency of a given HLA allele in the population (y-axis) and the relative extent to which its
polymorphisms have spread over time (computed as the median fold-difference in background frequency of its associated polymorphisms in modern
compared to historic HIV sequences; x-axis). This suggests that the accumulation of HLA-associated polymorphisms in circulating sequences is not
simply driven by common HLA alleles. Panel B: A significant inverse correlation is observed between an HLA allele’s Hazard Ratio of progression to
AIDS ([57], y-axis) and the relative extent to which its polymorphisms have spread in the population over time (x-axis). This suggests that HLA-
associated polymorphisms whose background frequencies have increased to the greatest relative extent between historic and modern eras are those
restricted by protective HLA alleles.
doi:10.1371/journal.pgen.1004295.g005
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association [43]. To investigate the potential existence of novel

historic HLA-associated polymorphisms that are no longer

detectable in modern sequences due to their spread throughout

the population, we applied association testing approaches to our

historic dataset directly. Historic patients with known or

suspected early infection were excluded (as these could dilute

associations between HLA and HIV polymorphisms due to

insufficient within-host evolution), and a false-discovery rate (q-

value) cutoff of 0.05 was employed. We were especially interested

to see whether HIV codons whose inferred ancestral (founder)

amino acid differed from the North American consensus (there

were 4 in Gag) or were reconstructed with ,80% confidence (1

in Gag and 6 in Nef) could be explained by the existence of

historic HLA-associated polymorphisms at these sites. However,

no such evidence was observed (Figure 6A, 6B). Instead,

analysis revealed 16

HLA-associated polymorphisms occurring at 10 Gag codons and

28 HLA-associated polymorphisms occurring at 13 Nef codons

that, with the exception of an association between B*49:01 and

the consensus G at Gag codon 62, were wholly consistent with

published escape pathways [43] and/or were confirmed in the

present modern cohort (not shown). In summary, the strongest

HLA-associated polymorphisms in historic sequences are consis-

tent with those identifiable today.

Figure 6. HLA-associated polymorphisms, identified via statistical association, in historic HIV sequences. Panel A: Gag immune
escape map, indicating the locations, specific amino acid residues and HLA restrictions of HLA-associated polymorphisms identified at q#0.05 in our
historic cohort. The HIV consensus B amino acid sequence is used as a reference. Shaded vertical bars separate blocks of 10 amino acids. ‘‘Adapted’’
amino acids (those over-represented in the presence of the HLA allele) are red. ‘‘Nonadapted’’ amino acids (those under-represented in the presence
of the HLA allele) are blue. UPPERCASE letters distinguish polymorphisms that survive correction for HIV codon covariation (‘‘direct’’ associations),
while lowercase letters distinguish polymorphisms that do not survive correction for codon covariation (‘‘indirect’’ associations). The notation ‘‘_ST’’
following an HLA (e.g. B58_ST) identifies associations identified at the supertype level. The locations of optimally-defined, HLA-restricted CTL epitopes
straddling or adjacent to HLA-associated polymorphisms are indicated. The well-known A*02-SL9 epitope (SLYNTVATL) epitope is also shown; no
historic HLA-associated polymorphisms were identified therein at q,0.05. The single ‘‘novel’’ historic HLA-associated polymorphism (B*49:01-62G) is
indicated with a purple asterisk. A green filled circle denotes the single Gag residue (codon 67) where the ancestral founder sequence was
reconstructed with ,80% confidence. Orange filled circles denote the four Gag residues (67, 76, 91 and 102) where the inferred ancestral founder
sequence differs from the published North American subtype B consensus sequence. None of these sites harbor HLA associations. Panel B: Nef
historic immune escape map. Green filled circles denote the six Nef residues where the ancestral founder sequence was reconstructed with ,80%
confidence (15, 21, 51, 152, 178, 205); none harbor HLA associations.
doi:10.1371/journal.pgen.1004295.g006
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Gag and Nef function of ancestral, historic and modern
HIV sequences

HIV Gag and Nef are highly immunogenic HIV proteins whose

sequence variability is substantially influenced by HLA [43] and

whose function is susceptible to immune-mediated attenuation

[44–46]. As such, we investigated whether the gradual spread of

immune escape mutations in North American Gag and Nef

sequences may be accompanied by overall changes in the average

viral replication capacity and/or protein function of patient-

Figure 7. Replicative implications of Gag diversification during the North American Epidemic. Panel A: Unrooted Maximum-Likelihood
phylogenies, drawn on the same distance scale, depicting the inferred ancestor (single black dot), early-historic (red, 1979–1982), mid-historic (green,
1983–1985), late-historic (blue, 1986–1989) and modern (purple, 2000+) Gag clonal sequences from unique patients that were used to construct
recombinant NL4-3 viruses for functional assessment. Panel B: NL4-3 normalized replication capacities of recombinant viruses containing the Gag
sequence of the inferred ancestral sequence (Mean6S.E.M. of 3 replicate measurements) as well as patient-derived Gag clonal sequences (one per
patient, representing the mean of $2 replicate measurements). An RC of 1 indicates replication equal to that of NL4-3 while RC.1 and ,1 indicate
RC higher or lower than NL4-3 respectively. Although visually there appears a trend towards lower replication capacity among Gag clones from early
historic (1979–1982) era, there no significant differences in RC between any of the groups (Kruskal-Wallis test, p = 0.6).
doi:10.1371/journal.pgen.1004295.g007
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derived HIV sequences. We began with Gag, by generating a

recombinant HIV strain expressing the epidemic’s inferred Gag

ancestral sequence, and another expressing the published global

subtype B consensus (Figure S3) in an HIV NL4-3 subtype B

reference strain backbone. We also generated recombinant HIV

NL4-3 strains expressing a single representative clonal Gag

sequence from 108 (of 120 originally selected; 90.0% success rate)

historic and 58 (of 71 originally selected; 82% success rate) modern

specimens (Figure 7A). A clonal (rather than quasispecies [60])

approach was adopted for the patient-derived sequences, as

variations in viral stock diversity resulting from differential

integrity of historic versus modern specimens could bias replicative

measurements. We assayed the in vitro replication capacity of these

recombinant viruses using a published reporter T-cell assay [60–

63]. Replication capacities (RC) were normalized to that of

parental NL4-3, such that values .1 and ,1 indicate RC greater

or less than NL4-3, respectively.

The replication capacities of recombinant viruses encoding the

inferred ancestral and global subtype B consensus sequences were

comparable to those of parental NL4-3 (Figures 7B and S8).

Recombinant viruses expressing historic or modern Gag clonal

sequences displayed a broad range of growth phenotypes, with

median RCs approaching that of NL4-3 (Figure 7B). Although

there appeared to be a trend towards lower RC among Gag

recombinant viruses from early historic (1979–1982) patients, this

was not statistically significant (Kruskal-Wallis p = 0.6). Further-

more, no correlation was observed between the replication

capacity of a given Gag clone and its genetic distance from the

Gag NL4-3 sequence (Spearman’s R = 0.03, p = 0.6, not shown),

arguing against confounding effects attributable to our use of a

historic lab-adapted sequence (NL4-3) as a viral backbone.

Similarly, we cloned the inferred ancestral, global subtype B

consensus and a single representative Nef sequence from N = 102

historic and N = 86 modern patients into a GFP-expression vector

(Figures 8A and S8). As modulation of Nef function over the

natural history of infection is supported by some [64,65] (though

not all [66]) studies, and a minority of historic Nef clones were

derived from persons with known or suspected early infection, we

indirectly assessed infection stage as a potential confounder by

including Nef sequences from 52 modern chronic and 34 early

infection patients not included in previous analyses (sampled a

median of 72 [IQR 48–92] days after infection) in our comparison

group. Following transient transfection into an immortalized T-

cell line stably expressing CD4 and HLA-A*02, we assessed the

ability of these Nef clones to downregulate these molecules from

the cell surface by flow cytometry [67,68] (Figure 8B). The Nef

sequence from HIV reference strain SF2 served as a positive

control (SF2 is commonly used as a control in Nef functional

studies, as it possesses robust CD4 and HLA class I downregu-

lation activities, e.g. [67]); thus, normalized Nef functions of .1

and ,1 indicate activity greater or less than SF2, respectively. Nef

protein expression was verified by Western blot (Figure S8); 15

poorly functional Nef clones whose expression could not be

detected were excluded (since in vitro cloning defects or other

artifacts could not be ruled out), leaving 93 historic and 80 modern

clones for analysis.

CD4 downregulation activity of ancestral Nef was comparable

to that of reference strain SF2 (Figure 8B), while that of global

subtype B consensus Nef was ,3% lower (not shown). Nef clones

from historic and modern patients were generally highly functional

for CD4 downregulation and exhibited relatively narrow dynamic

ranges. Nevertheless, historic patient-derived Nef sequences

exhibited significantly lower CD4 downregulation abilities com-

pared to modern sequences (Kruskal-Wallis p,0.0001), with the

early (1979–1982) Nef clones exhibiting the lowest function overall

(Figure 8B). Nef-mediated CD4 downregulation of modern Nef

clones from individuals in early and chronic infection were

comparable (p = 0.9, Figure 8B and not shown), arguing against

infection stage as a major confounder of this result.

The ability of the ancestral Nef sequence to downregulate HLA-

A*02 was ,3.5% higher than reference strain SF2 (Figure 8C),

while that of global subtype B consensus Nef was equivalent to SF2

(not shown). Although Nef clones from both historic and modern

patients were in general highly functional, historic Nef sequences

exhibited significantly lower HLA downregulation abilities com-

pared to modern Nef sequences (Kruskal-Wallis p,0.0001), with

the early (1979–1982) Nef clones displaying the lowest function

overall (Figure 8C). HLA downregulation capacities of modern

early Nef sequences were on average 1% higher than those from

modern chronic Nef sequences (p = 0.14, Figure 8C and not

shown), arguing against infection stage as a major confounder.

The significantly lower Nef-mediated CD4 and HLA downregu-

lation observed in historic versus modern sequences was robust to

inclusion/exclusion of the 15 clones whose Nef expression was not

detectable by Western Blot (not shown).

Taken together, the lack of significant functional differences

between ancestral, subtype B consensus, and median patient-

derived Gag clones from historic and modern eras argues against

major replicative consequences of HIV Gag diversification during

the North American epidemic. In contrast, our Nef results suggest

the introduction of a highly functional founder virus to North

America in the 1960s, followed by a subsequent decline in average

Nef-mediated CD4 and HLA downregulation functions of patient-

derived sequences in the 1980s, that were restored to original

(‘‘founder’’) levels by the 2000s. The mechanisms and potential

role for host pressures in this phenomenon require further

investigation.

Discussion

The present study examined linked host (HLA) and HIV (Gag/

Nef) datasets from historic (1979–1989) and modern (2000–2011)

eras in North America to estimate the extent to which HLA-driven

polymorphisms may be spreading throughout circulating HIV

sequences over time on this continent. Phylogenies inferred from

historic and modern samples of HIV Gag and Nef sequence

variation were star-like in shape, yielding a reconstructed ancestral

(epidemic founder) virus sequence that was essentially identical to

North American subtype B consensus. Mean pairwise distances

between modern HIV Gag and Nef sequences were approximately

two-fold greater than those between historic sequences, supporting

a diversifying epidemic. Notably, Gag and Nef codons exhibiting

the most significant entropy increases over time were enriched for

known HLA-associated sites, consistent with a key role of HLA in

driving HIV diversification [69,70].

Also consistent with an approximate two-fold increase in HIV

diversity since the mid-1980s in North America, the average

‘‘background’’ frequencies of HLA-associated polymorphisms (i.e.

in individuals lacking the restricting HLA) were roughly two-fold

higher in modern compared to historic sequences. These

differences reached statistical significance for Gag, though not

for Nef. As expected, in both historic and modern cohorts, a

general positive correlation was observed between the frequency of

an HLA allele and the background frequency of its associated

polymorphism in the general population. However, the polymor-

phisms that, over time, appeared to be spreading to the greatest

relative extent (in terms of fold-change) were not those restricted

by common HLA alleles (Figure 5A) but rather those restricted by
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Figure 8. Functional implications of Nef diversification during the North American Epidemic. Panel A: Unrooted Maximum-Likelihood
phylogenies, drawn on the same distance scale, depicting the inferred ancestor (single black dot), early-historic (red, 1979–1982), mid-historic (green,
1983–1985), late-historic (blue, 1986–1989) and modern (purple: chronic-phase, orange: acute-phase, year 2000+) Nef clonal sequences from unique
patients cloned into a GFP-expression vector for functional assessment. Panel B: CD4 downregulation activities of the inferred ancestral Nef
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protective HLA alleles [57] (Figure 5B). This observation, along

with our lack of identification of novel historic HLA-associated

polymorphisms restricted by common HLA alleles, indicates that

HIV is not simply adapting to the most frequent HLA alleles in a

given host population. Instead, our findings are consistent with

protective HLA alleles as those imposing the strongest evolution-

ary pressures on HIV, an observation that is consistent with

previous reports that protective HLA alleles are more likely to

induce strong selection at key conserved sites [43,71–73].

The spread of HLA-associated polymorphisms in circulation

could lead to a reduction in host antiviral immune potential over

time [12]. We thus wished to interpret our results in terms of the

imminence of this potential outcome. First and notably, the extent

of HLA-driven polymorphism accumulation in Nef did not reach

statistical significance. Second, though observations for Gag did

achieve significance, average polymorphism background frequen-

cies remained low in absolute terms (i.e. 2.0% in the 1980s versus

3.7% in the 2000s) – differences that, when expressed in terms of

the average estimated extent to which circulating HIV Gag

sequences are ‘‘pre-adapted’’ to an individual’s HLA profile,

translated into an overall increase of only ,2% between historic

and modern eras. Moreover, we observed numerous HLA-

associated polymorphisms whose prevalence remained stable in

the population (e.g. B58-supertype-associated Gag-242N, B*08-

associated Nef-94E, A*2301/A*24–associated Nef-135F), obser-

vations that are consistent with their rapid reversion upon

transmission [5,9,74] (though estimates of the reversion rate for

B*08-Nef-94E are somewhat conflicting [9,74]). That some -

though certainly not all - HLA-driven escape mutations are

capable of spreading through the population has been demon-

strated via mathematical modeling [9], indicating that the

reproducible selection of specific escape mutations in persons

harboring the relevant HLA does not always translate into rapid

evolution at the population level [9]. That certain HIV sites

simultaneously display strong signals for diversifying selection, yet

stable polymorphism prevalence, is also consistent with ‘‘toggling’’

between consensus and escape forms [75] as HIV disseminates in a

genetically diverse host population.

Although our study did not formally attempt to model the

dynamics of HLA-driven polymorphism spread in the North

American population, our observations suggest that this is

happening slowly. Very gradual polymorphism spread is also

consistent with mathematical models projecting that, even in the

case where an escape mutation never reverts, it could take

centuries for it to reach fixation following its initial appearance in

the population [9]. Moreover, it has been projected that any

reversion (however slow) would prevent a polymorphism from ever

becoming fixed [9]. Also consistent with slow spread is the near-

identity of the reconstructed epidemic MRCA (founder) HIV

sequence to the North American consensus - which suggests that,

between the North American epidemic’s genesis and the present

day, no polymorphism, HLA-driven or otherwise, has spread to an

extent where it now outcompetes that of the original founder

residue. Our lack of identification of novel historic HLA-associated

polymorphisms at the seven Gag/Nef codons where the inferred

ancestor was reconstructed with ,80% confidence and the four

(highly variable) Gag codons where it differed from the modern

consensus also argues against the spread of any historic HIV

escape mutation in North America to the point where it now

defines consensus. Note however that some caution is merited

when interpreting the estimated founder viral sequence, since

rapid selective sweeps occurring between the epidemic’s founda-

tion [54,55] and the earliest 1979 sampling date would not have

been detected and therefore cannot be ruled out. Acknowledging

these caveats, the near-identity between the estimated North

American founder virus and modern consensus additionally

suggests that statistical associations between particular HLA alleles

and the HIV consensus residue at a given site (e.g. B*07:02 with

Gag-G357) have not arisen as a result of their selection and

subsequent spread in the population to the point where they define

the consensus [10]. Rather, these residues were most likely present

at the epidemic’s foundation - and, if anything, are gradually

decreasing in frequency as HIV continues to diversify. We propose

that such ‘‘consensus HLA associations’’ represent cases where the

founder virus happened to be adapted to certain HLAs (perhaps

because the original founder or earlier hosts expressed them), and

that these HLAs continue to exert purifying selection on these sites

over time.

Despite inferred overall slow rates of accumulation, the

observation that polymorphisms restricted by protective alleles

appear to be spreading to a greater (relative) extent than others is

potentially important. Indeed, the stabilization of certain protec-

tive allele-associated escape mutations by secondary (compensato-

ry) substitutions has been documented: the S173A mutation

(which allows the B*27-associated Gag-R264K mutation to persist

upon transmission in an HIV subtype B context [11,13]) and the

S165N mutation (which stabilizes B*57-associated mutations

within the p24Gag KF11 epitope in a subtype C context [8]), are

examples.

Despite this, we urge caution in extrapolating that the protective

effects of HLA alleles will diminish rapidly in North America.

Again, it is important to consider that absolute polymorphism

background frequencies remain low: modern Gag and Nef

sequences together harbor, on average, only one additional

B*57-associated polymorphism compared to historic sequences.

Similarly, despite polymorphism spread, a B*27-expressing

individual still has a .90% chance of acquiring HIV with the

immunologically susceptible consensus R at critical Gag codon

264. Besides, the protective effects of most such alleles (including,

to a certain extent, B*27 [76]) are attributable to consistent and

strong CTL responses against multiple HIV epitopes [43,77,78]. It

is also important to consider that protective HLA-restricted CTL

retain activity against polymorphic variants in many cases [79,80],

and de novo [81] or cross-reactive [82] CTL responses to in vivo

escape variants can, and do, arise. Further integrated evolutionary

and molecular studies are therefore required to assess the potential

immunologic impact of polymorphism spread on HIV control by

protective HLA alleles.

Our study also investigated whether HIV evolution in North

America has been accompanied by changes in viral replication

capacity or protein function. Consistent with previous in vitro

assessments of HIV sequences reconstructed using Center-of-Tree

sequence (mean6S.E.M. of 8 replicate measurements) and patient-derived Nef clones from various eras (one per patient, representing the mean of
triplicate measurements). CD4 downregulation values are normalized to that of HIV subtype B control Nef strain SF2, such that a value of 1 indicates
CD4 downregulation activity equal to that of SF2 while values.1 and ,1 indicate activities higher or lower than SF2 respectively. Modern Nefs
exhibited significantly higher CD4 downregulation activity compared to historic Nefs (Kruskal-Wallis p,0.0001). Panel C: SF2-normalized HLA class I
downregulation activities of inferred ancestral (mean6S.E.M. of 8 replicate measurements) and patient-derived Nef sequences (one per patient, mean
of triplicate measurements). Modern Nefs exhibited significantly higher HLA downregulation activity compared to historic Nefs (Kruskal-Wallis
p,0.0001).
doi:10.1371/journal.pgen.1004295.g008

Host Adaptation of HIV-1 in North America

PLOS Genetics | www.plosgenetics.org 14 April 2014 | Volume 10 | Issue 4 | e1004295



approaches [83], our inferred Gag and Nef ancestral sequences

were highly functional. Despite substantial increases in Gag

diversity over time, the average replication capacities of recom-

binant NL4-3 viruses expressing patient-derived clonal Gag

sequences from historic and modern eras were comparable to

that of NL4-3 expressing the inferred Gag ancestral sequence,

arguing against major replicative consequences of HIV Gag

diversification during the North American epidemic. These results

contrast with reductions in replication capacity of recombinant

viruses expressing patient-derived Gag-protease sequences from

Japanese patients from the mid-1990s to present [32], a difference

possibly due to the greater homogeneity of HLA alleles in Japanese

compared to North American populations, that may exert

consistent selection pressures driving the selection of fitness-

reducing mutations.

In contrast, the average Nef-mediated CD4 and HLA

downregulation activities of historic patient-derived sequences

were modestly yet significantly lower than modern ones. This is

intriguing since the inferred Nef ancestral sequence displayed high

function. We therefore speculate that, following the introduction of

a functional ancestral Nef sequence into North America, initial

HIV adaptation to this new population led to decreases in Nef

function that were subsequently rescued upon continued Nef

diversification. The higher Nef-mediated HLA class I downreg-

ulation function of modern compared to historic sequences,

combined with the observation of modest HLA-driven polymor-

phism spread through the population during this same period,

raises the interesting possibility that, compared to viruses

circulating in the 1980s, modern North American HIV sequences

may exhibit greater immune evasion potential via enhanced HLA

class I downregulation [84] function. However, further studies will

be required to elucidate the underlying mechanisms and

pathogenic implications of these observations.

An anticipated criticism is our definition of HLA-associated

polymorphisms by statistical association studies of modern cohorts

[43]. This approach could underestimate the average extent of

polymorphism spread over time, for two reasons. First, such lists

could exclude historic escape mutations that are no longer

detectable in modern cohorts due to polymorphism spread. To

address this we applied statistical association approaches to

identify HLA-associated polymorphisms detectable at the popula-

tion level in the historic cohort. However, all identified polymor-

phisms save one were consistent with known HLA-associated

escape pathways, indicating that the strongest mutations detect-

able historically remain readily detectable today. A second

limitation is that association testing approaches, even those that

incorporate phylogenetic correction (as ours do), systematically

favor the identification of HLA-associated mutations that escape

and revert rapidly [85], which by definition would not be expected

to spread quickly in a population [9]. However, this limitation is

somewhat offset by the substantial size (N.1800) of the cohort

used to define HLA associations. Mathematical models indicate

that at such sample sizes, with phylogenetic correction, significant

associations can be detected between HLA alleles and polymor-

phisms even if these escape and/or revert on a timescale of

decades [85]. Moreover we have previously demonstrated that

cohorts of this size are powered to detect very rare HLA-associated

polymorphisms, as well as those that are nearly universally

observed in the population [43].

This study possesses additional limitations, many inherent to

convenience sampling and technical challenges of working with

historic samples. Although our sequences date back to 1979, the

lack of data from the critical period between HIV’s introduction

into North America and the late 1970s is a major limitation of this

and all other studies undertaken to date. Nevertheless, our historic

HIV sequence dataset is 10-fold (Gag) and 7-fold (Nef) larger than

existing data from this era and region, and includes the oldest

North American sequences ever published. Another limitation is

that specimens were obtained from only four sites in North

America, and all historic specimens were derived from observa-

tional studies of individuals from a single risk group (MSM)

[34,36–42]. As such, our HIV diversity estimates, particularly for

the historic era, may represent underestimates. Nevertheless, the

dispersion of published North American HIV sequences through-

out all phylogenies, the consistency of historic and modern

consensus sequences, and our estimated epidemic founder dates

that are compatible with published estimates [53–55] suggest that

our sequences are not grossly unrepresentative of the North

American epidemic. Concerns regarding our ability to faithfully

amplify the original quasispecies diversity from historic specimens

by PCR led us to adopt a single representative clone (rather than

bulk) approach for our functional assessments of Gag and Nef in

order to minimize in vitro bias associated with differences in the

diversity of viral stocks. The presence of individuals with known or

presumed early infection in our historic cohort and the general

lack of clinical staging information are also limitations. To reduce

confounding, early sequences were excluded from relevant

analyses (e.g. identification of HLA-associated polymorphisms in

the historic cohort and calculation of Odds Ratios of association

between HLA and polymorphisms), while other analyses verified

the appropriateness of pooling data by comparing early and

chronic sequences directly to rule out differences between them

(e.g. Nef functional assessments). The absence of pVL and CD4

information on historic patients also precluded the investigation of

trends in disease markers over time.

On the other hand, our development of a sensitive HLA

sequence-based typing assay capable of utilizing genomic DNA

extracted from plasma/serum [48] allowed us to perform HLA

typing of historic specimens, yielding, for the first time, the ability

to directly investigate HLA-associated selection pressures over the

course of an epidemic. A known limitation of serum-based HLA

typing is the overrepresentation of homozygous types due to

amplification bias [48], an effect that was noted in our historic

dataset. Though this could lead us to overestimate the historic

background frequencies of HLA-associated polymorphisms by

erroneously including individuals expressing the relevant HLA

into our calculations, the low average background frequencies of

HLA-associated polymorphisms in modern sequences indicate that

any overestimations would not substantially impact our overall

conclusions. A notable strength is the lack of overlap between

study cohorts and those from which the reference list of HLA-

associated polymorphisms was derived [43], thus ensuring

independence of source and query data.

In conclusion, HLA-associated polymorphisms are, on average,

slowly spreading throughout North American HIV sequences as

the epidemic continues to diversify. This slow adaptation to host

cellular immune responses parallels the observed drift of HIV

towards a more neutralization-resistant phenotype as a result of

population-level viral adaptation to humoral immune pressures

[86,87]. However, the absolute frequencies of these polymor-

phisms in circulation remain on average low on this continent, as

do the estimated risks of acquiring HIV ‘‘pre-adapted’’ to one’s

HLA profile. As such, our results are unlikely to translate into

major imminent consequences to CTL-mediated control of HIV,

at least in the North American region.

That said, we acknowledge that even modest changes can have

biological implications. Indeed, one could contend that modest

increases in the frequency of ‘‘pre-adapted’’ HIV strains are not
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inconsistent with reports suggesting increased HIV virulence over

time [22]. Furthermore, it is important to emphasize that the

potential rates, and thus immunologic implications, of HLA-

associated polymorphism spread may be substantially greater in

populations where HLA diversity is far lower and/or HIV

prevalence far higher than North America. Rates and implications

of polymorphism spread may also be more profound in

populations where transmission tends to occur later in infection,

thereby increasing the probability of transmitted escape mutations

(though mathematical models have suggested that realistic

differential transmission rates between acute and chronic infection

would impact population escape mutation prevalence only

minimally [9]). As such, we recommend that similar analyses of

virus-host adaptation be undertaken to assess the rate of

accumulation of immune-driven polymorphisms, and its patho-

genic implications, in other epidemic regions where historic

specimens are available. In conclusion, though our results remain

somewhat open to interpretation, we suggest that they be

considered in light of the major advances in HIV treatment and

prevention [88–92] that have occurred during the timecourse of

the present study. Combined with current efforts in prevention

and cure research [93–95], these advances give us firm hope that

the end of HIV/AIDS will precede the virus’ ability to fully

subvert host cellular immunity through population-level adapta-

tion.

Methods

Ethics statement
Research subjects, all adults, were enrolled under REB-

approved protocols and provided written informed consent to

participate in the original studies for which 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.

Historic and modern cohorts
A total of 497 historic plasma/serum specimens from unique

patients enrolled in observational studies of men who have sex

with men (MSM) at four North American sites between 1979–

1989, were obtained for study. Of these, 94 and 75 were from the

New York Blood Center (NYBC; 1979–1989) and the San

Francisco Department of Public Health (SFDPH; 1979–1984),

respectively, and represented participants of hepatitis B observa-

tional studies whose archived sera were retrospectively tested for

HIV [34,38,39]. A further 282 and 46 were obtained from the

Fenway Community Health Clinic in Boston (Fenway; 1985–

1989) [36,37] and the Vancouver Lymphadenopathy-AIDS Study

in Vancouver, Canada (VLAS; 1984–1987) [40–42]. With the

exception of 67 NYBC patients whose dates of HIV infection were

estimated to be within 6 months prior to specimen collection, all

other patients were known or presumed to be in chronic infection.

Specimen integrity varied by cohort. Whereas sera from NYBC,

SFDPH and Fenway were stored at 270uC since collection, VLAS

specimens had been stored at 220uC and bore evidence of freeze-

thaw cycles. No clinical information (i.e. plasma viral load, CD4)

was available for historic specimens; furthermore, sociodemo-

graphic and other identifying information were not sought. Our

modern comparison cohort comprised 382 individuals for whom

HIV Gag and/or Nef sequences were available: 26 were recruited

through the Aaron Diamond AIDS Research Center in New

York, 91 from Massachusetts General Hospital in Boston and 265

from various cohort studies based at the BC Centre for Excellence

in HIV/AIDS in Vancouver, Canada. The modern cohort

comprised MSM, injection drug users and individuals with

unknown HIV risk group.

Viral and host genotyping
HIV RNA was extracted from plasma or serum using standard

methods. Gag and Nef regions were amplified by nested RT-PCR

using sequence-specific primers and amplicons were bidirectionally

sequenced on a 3130xl and/or 3730xl automated DNA sequencer

(Applied Biosystems). Data were analyzed using Sequencher v5.0

(Genecodes) or RECall [96] with nucleotide mixtures called if the

height of the secondary peak exceeded 25% of the height of the

dominant peak (Sequencher) or 20% of the dominant peak area

(RECall). All HIV sequences were confirmed as subtype B using the

recombinant identification program (RIP; http://www.hiv.lanl.

gov/content/sequence/RIP/RIP.html). HXB2-alignments were

performed using an in-house tool based on the HyPhy platform

[97]. Phylogenetic trees were constructed using maximum-likeli-

hood approaches [98] and visualized using FigTree (http://tree.bio.

ed.ac.uk/software/figtree/). Patristic (pairwise) genetic distances

were computed using PATRISTIC [99]. Intercohort comparisons

of Shannon entropy scores (featuring 1000 randomizations with

replacement) were performed using Entropy-two (http://www.hiv.

lanl.gov/content/sequence/ENTROPY/entropy.html). Detection

of HIV Gag and Nef codons exhibiting significant evidence of

pervasive positive selection (defined as having a posterior probability

$0.9 that the site-specific nonsynonymous rate exceeds its

synonymous rate) in the combined historic/modern datasets was

performed using the fast unconstrained Bayesian approximation for

inferring selection algorithm [56], implemented in Datamonkey

[100,101].

Consensus sequences were calculated by plurality rule. North

American Gag and Nef HIV subtype B consensus sequences were

computed from all available Gag and Nef sequences from unique

patients annotated with Canada (CA) or United States (US)

country labels in the Los Alamos HIV sequence database

(N = 1624 and N = 1141 Gag and Nef amino acids sequences,

respectively, spanning 1983–2011, accessed June 25, 2013).

Historic plasma HIV RNA Gag and Nef sequences, annotated

with year and country of collection, have been deposited in

GenBank (Accession numbers KF701643–KF701941 for Gag and

KF701942–KF702276 for Nef).

HLA class I typing was performed using an in-house sequence-

based typing protocol capable of using plasma or serum as a

source of genomic DNA [48] and types were assigned using an in-

house algorithm. Where necessary, data were imputed to high

resolution using a machine learning algorithm trained on a dataset

of complete high resolution HLA-A, B and C types from .13,000

individuals with known ethnicity ([47]; http://research.microsoft.

com/en-us/projects/bio/mbt.aspx#HLA-Completion) and as-

signed the highest-probability allele combination. HLA types

could not be imputed when data were missing from more than one

locus.

Ancestral reconstructions & DNA synthesis
Gag and Nef sequences were annotated with sample dates.

Putative recombinants were identified using SCUEAL [102] and

removed. The most recent common ancestor (MRCA) sequences

of Gag and Nef were estimated using Bayesian evolutionary

analysis by sampling trees (BEAST) [52] via 6 (Gag) or 5 (Nef)

replicate chains, each analyzing a different set of 200 sequences

selected at random from the dataset, and yielding 10,000 ancestral

reconstructions per chain, as follows. Trees were sampled at

random from the posterior distribution of trees given an

exponential relaxed molecular clock [103], a Bayesian skyline
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model of effective population size, and a time-reversible nucleotide

substitution model determined by an Akaike information criterion-

based model selection procedure in HyPhy [97]. Sampling was

run for 26108 steps, with the first half discarded as burn-in and the

remainder thinned to 100 trees sampled at intervals of 106 steps in

the chain. Convergence of replicate chains was assessed using the

Tracer application in the BEAST software package. For each tree,

100 ancestral sequence reconstructions were sampled at random

from the posterior distribution defined at the root under a Muse-

Gaut codon substitution model in HyPhy. The inferred ancestral

sequence was taken as the consensus of these 60,000 (Gag) and

50,000 (Nef) reconstructions (10,000 each per chain for 6 [Gag]

and 5 [Nef] chains). Timing of each ancestral reconstruction

(tMRCA) was estimated in BEAST by computing the mean

estimate for each replicate chain and then computing a grand

mean. The ‘‘consensus ancestor’’ Gag and Nef nucleotide

sequences were commercially synthesized (Invitrogen LifeTech)

for use in functional analyses.

Definition and identification of HLA-associated
polymorphisms

The reference list of HLA-associated polymorphisms in modern

HIV subtype B sequences was defined in an independent

multicenter cohort of .1800 chronically subtype-B infected

individuals from Canada, the USA and Australia recruited in

the 1990s and 2000s, that did not overlap with historic and

modern cohorts analyzed herein, using phylogenetically-informed

methods [43]. The same methods [43] were used to identify HLA-

associated polymorphisms in the historic dataset, as follows.

Briefly, maximum likelihood phylogenetic trees were constructed

using Gag and Nef sequences, and a model of conditional

adaptation was inferred for each observed amino acid at each

codon. Here, the amino acid is assumed to evolve indepen-

dently along the phylogeny, until it reaches the tree tips

(representing the present host). In each host, selection via

HLA-mediated pressures and HIV 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 possible

transmitted sequences as inferred by the phylogeny [104]. To

identify which factors (HLA and/or HIV covariation) contrib-

ute to the selection pressure, a forward selection procedure is

employed where the most significant association is iteratively

added to the model, with p-values computed using the

likelihood ratio test. Statistical significance is reported using

q-values [105], the p-value analogue of the false discovery rate

(FDR). Q-values denote the expected proportion of false

positives among results deemed significant at a given p-value

threshold; for example, at q#0.05, we expect 5% of identified

associations to be false positives. HLA-associated polymor-

phisms are grouped into two categories: (1) amino acids

significantly enriched in the presence of the HLA allele in

question (‘‘adapted’’ forms), and (2) amino acids significantly

enriched in the absence of the HLA allele in question

(‘‘nonadapted’’ forms).

Generation of recombinant viruses expressing clonal Gag
sequences from patients

Second round Gag amplicons were selected from 120

historic and 71 modern patients with known or presumed

chronic infection and cloned into the pCR2.1-TOPO TA

vector (Life Technologies, Burlington, ON, Canada). A single

representative clone harboring an intact Gag reading frame

that closely resembled the patient’s bulk plasma HIV RNA was

selected for virus generation [60,61]. Gag was amplified by

PCR from each clone using 100 bp-long primers matching the

NL4-3 sequence upstream and downstream of Gag, designed

to facilitate homologous recombination of the amplicon with

the pNL4-3Dgag backbone. The plasmid pNL4-3Dgag was

developed by inserting unique BstEII restriction sites at the 59

and 39 ends of gag using the QuikChange XL kit (Stratagene),

followed by deletion of the intervening region via BstEII

digestion (New England Biolabs), gel-purification, and re-

ligation (T4 DNA ligase; New England Biolabs). PNL4-3Dgag

was maintained in Stbl3 E. coli cells (Invitrogen). To generate

recombinant viruses, 10 mg of BstEII-linearized pNL4-3Dgag

plus 50 ml of 2nd round Gag amplicon (,5 mg) were mixed with

2.56106 cells of a GFP-reporter T-cell line (CEM-derived

GXR25 cells [106]) in 125 ml of Mega-Cell medium (Sigma),

and transfected by electroporation in 96-well plates (exponen-

tial protocol: 250 Volts, 2000 mF; 25 millisecond pulse

duration; BioRad MxCell_Pro). Following transfection, cells

were rested for 15 min at room temperature, transferred to

25 cm2 flasks containing 1 million GXR cells resuspended in

5 mL of R20+ medium (RPMI 1640 containing 20% FCS,

2 mM L-glutamine, 100 units/mL penicillin, and 100 mg/mL

streptomycin), and fed with 5 mL R20+ medium on day 5 and

with replacement thereafter. Tat-driven GFP expression,

indicating productive HIV infection of GXR cells, was

monitored by flow cytometry (Guava 8HT, Millipore) starting

on day 12 [60,61]. Once GFP+ expression exceeded 15%

among viable cells, supernatants containing recombinant

viruses were harvested and aliquots stored at 280uC. Patient

origin of all recombinant viruses was confirmed via sequencing

of the Gag region.

Assessment of Gag recombinant viral replication capacity
Viral titers and replication capacity (RC) assays were performed

using GXR25 GFP-reporter T-cells, as described [60,61]. RC

assays were initiated at MOI = 0.003, and included one negative

control (uninfected cells only) and one positive control (NL4-3 Gag

re-introduced into the NL4-3Dgag backbone using identical

methods) per 24-well plate. For each virus, the natural log slope

of the percentage (%) of GFP+ cells was calculated during the

exponential phase of viral spread (days 3–6). This value was

divided by the mean rate of spread of all NL4-3 controls such that

RC values ,1.0 or .1.0 indicate rates of spread that were slower

than or faster than NL4-3, respectively. Each virus was assayed in

a minimum of two independent experiments and average RC

values are reported.

Assessment of HLA and CD4 downregulation capacity by
clonal Nef sequences

First-round Nef amplicons from 102 historic and 86 modern

patients were originally selected and amplified using second round

primers featuring EcoRI (forward) and SacII (reverse) restriction

sites. Amplicons were PCR-purified (GeneJET PCR Purfication

Kit, Thermo Scientific) and cloned into the pIRES2-EGFP

expression vector (Clontech) as described in [67,68]. For each

patient, a single representative clone harboring an intact Nef

reading frame that closely resembled the original bulk plasma HIV

RNA sequence by phylogenetic analysis was selected for functional

assessment.

CD4 and HLA class I downregulation activities for each Nef

clone were measured using a CEM-SS derived T cell line that

expresses high levels of surface CD4 and HLA-A*02 (CEM-A*02),

constructed as described in [107]. To assess Nef-mediated CD4
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and HLA downregulation, 36105 CEM-A*02 cells were trans-

fected with 5 mg plasmid DNA encoding Nef protein and GFP by

electroporation (BioRad GenePulser MX). Twenty hours later,

cells were stained with APC-labeled anti-CD4 and PE-labeled

anti-HLA-A*02 antibodies (BD Biosciences) and cell surface

expression was measured in transfected (GFP-positive) cells by

flow cytometry (Guava easyCyte 8HT, Millipore). For patient-

derived Nef clones, the median fluorescence intensity (MFI) of

CD4 or HLA-A*02 expression in GFP-positive cells was normal-

ized to the MFI of CD4 or HLA-A*02 expression for the negative

control (empty pIRES2-EGFP plasmid) and positive control (nef

reference sequence SF2, cloned into pIRES2-EGFP) to determine

the relative CD4 or HLA-A*02 downregulation capacity. As such,

a normalized value of 0.0 indicates no downregulation activity and

a value of 1.0 indicates downregulation capacity equivalent to that

of the positive control NefSF2. All assays were performed in

triplicate and results are presented as the mean of these

measurements.

Steady state Nef protein levels were measured by Western blot

for the minority of Nef clones that displayed poor (,50%)

function for either CD4 or HLA-A*02 downregulation activity,

alongside 20 randomly-selected clones with activities above this

threshold. A total of 56106 CEM-A*02 cells were transfected by

electroporation with 10 mg of plasmid DNA, and cell pellets were

collected 20 hours later for preparation of total cell lysates, using

a protocol modified from [107]. Lysates were subjected to SDS-

PAGE in duplicate and electro-blotted onto PVDF membrane.

To ensure detection of patient-derived Nef, duplicate blots were

probed using anti-Nef polyclonal antisera developed from rabbit

(NIH AIDS Research and Reference Reagent Program Catalog

#2949, [108]) or sheep (ARP 444; NIBSC Center for AIDS

Reagents, UK). Actin expression was simultaneously assessed.

Band intensities were quantified on an ImageQuant LAS 4000

(GE Healthcare Life Sciences). A total of 15 poorly functional Nef

clones whose expression could not be detected by Western Blot

were excluded from analysis, as in vitro cloning or other defects

cannot be ruled out. This left 93 historic and 80 modern Nef

clones for analysis.

Supporting Information

Figure S1 HLA distribution in historic and modern cohorts.

HLA-A, B and C alleles with frequencies .0.01 in historic and

modern cohorts are shown. Alleles exhibiting significant frequency

differences between cohorts are indicated by ** (q,0.05,

corresponding to p,0.005) and * (q,0.2, corresponding to

p,0.05).

(EPS)

Figure S2 Nef phylogenetic trees incorporating historic, modern

and published HIV sequences from North America, colored by era

and site. Unrooted Maximum-Likelihood phylogenies constructed

from historic and modern Nef sequences are drawn on the same

distance scale, colored by era (Panel A) and site (Panel B). North

American HIV sequences retrieved from the Los Alamos (LANL)

database are in grey.

(EPS)

Figure S3 Gag and Nef Ancestral and Consensus amino acid

sequences. ‘‘ANCESTOR_NORTHAMERICA’’ is the recon-

structed ancestral amino acid sequence (same as blue sequence in

Figure 3). ‘‘HISTORIC_COHORT_CONS’’ is the consensus of

our historic cohort sequences. ‘‘LANL_CONSB_NORTHA-

MERICA’’ is the consensus of all Gag and Nef sequences

annotated with ‘‘Canada’’ or ‘‘USA’’ as their country of origin in

the Los Alamos HIV Database (see methods). ‘‘MODERN_CO-

HORT_CONS’’ is the consensus of our modern cohort

sequences. ‘‘LANL_CONSB_GLOBAL’’ is the most recent

(2004) HIV subtype B consensus sequence in the Los Alamos

HIV Database. (http://www.hiv.lanl.gov/content/sequence/

NEWALIGN/align.html)

(EPS)

Figure S4 Nef residues exhibiting significant diversification over

time are biased towards known HLA-associated sites. Panel A:
Differences in Shannon entropy (Dentropy) between modern and

historic sequences are shown for every Nef codon. Red bars

indicate significant (p,0.001, q,0.01) entropy differences; blue

bars indicate differences that are not significant (p$0.001). Grey

dots designate known HLA-associated sites. Green dots designate

sites that display significant evidence of pervasive positive selection

(dN/dS.1; posterior probability .0.9). Panel B: Same as panel

A, but sorted by decreasing magnitude of Dentropy. Panel C:
Graphical depiction of a 262 contingency table stratifying variable

(,99% conserved) Nef codons based on their status as HLA-

associated (yes vs. no), and whether they exhibited significant

Dentropy between modern and historic datasets (p,0.001 [red] vs.

not [blue]). Ns are indicated above each bar. Panel D: Graphical

depiction of a 262 contingency table stratifying variable (,99%

conserved) Nef codons based on their status as HLA-associated

(yes vs. no) and evidence that they are under significant pervasive

positive selection (dN/dS.1; posterior probability .0.9 [green]

vs. not [black]). Ns are indicated above each bar.

(EPS)

Figure S5 Differences in consensus escape mutant frequencies in

persons expressing versus lacking the restricting HLA allele(s), by

era. Panel A: The frequencies of published HLA-associated

polymorphisms, where the polymorphism represents the HIV

subtype B consensus residue [43] in historic (1979–1989) and

modern (2000+) HIV Gag sequences from individuals expressing

the restricting HLA allele(s) are shown as linked pairs. A selection

of well-known HLA-associated polymorphisms are labeled with

their codons and restricting allele(s). Panel B: Consensus

frequencies at these sites in historic and modern HIV Gag

sequences from individuals lacking the restricting HLA allele(s).

Panel C: Frequencies of published consensus HLA-associated

polymorphisms in HIV Nef sequences from historic and modern

individuals expressing the restricting HLA allele(s). Panel D:
Consensus frequencies at these sites in HIV Nef sequences from

historic and modern individuals lacking the restricting HLA

allele(s). All P-values were computed using the Wilcoxon

matched-pairs test.

(EPS)

Figure S6 Estimated ‘‘percentage of pre-adapted sites’’ in

historic versus modern circulating Gag and Nef sequences. The

overall burden of HIV polymorphisms that are ‘‘pre-adapted’’ to

an individuals’ full HLA class I profile (expressed in terms of %

‘‘pre-adapted’’ sites) for HIV sequences circulating in the historic

versus modern eras are shown, for Gag (Panel A) and Nef (Panel
B).

(EPS)

Figure S7 General positive correlation between the frequency of

an HLA allele and its associated HIV polymorphisms in the

population. Each dot illustrates a single HLA class I allele, colored

red, blue and green, for HLA-A, -B, and -C alleles, respectively. As

expected, a general positive correlation is observed between the

frequency of a given HLA allele in the population (y-axis) and the

frequency of its associated HIV polymorphisms in the population.
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This is true for both the historic (Panel A) and modern (Panel B)

cohorts.

(EPS)

Figure S8 Raw data from Gag and Nef functional assessments.

Panel A: In vitro replication capacities (RC) of recombinant NL4-3

viruses expressing inferred ancestral and global consensus B Gag

sequences, along with positive (NL4-3) and negative (cells only)

controls. RC of ancestral and consensus are equivalent to that of

NL4-3. Panel B: Representative flow cytometry plots depicting

the ability of the inferred ancestral Nef sequence to downregulate

CD4 from the cell surface, along with positive (Nef-SF2) and

negative (DNef) controls. CD4 downregulation capacity of the

inferred ancestral Nef sequences is comparable to that of control

strain SF2. Panel C: Representative flow cytometry plots

depicting the ability of the inferred ancestral Nef sequence to

downregulate HLA-A*02 from the cell surface, along with positive

(Nef SF2) and negative (DNef) controls. HLA-A*02 downregula-

tion capacity of the inferred ancestral Nef sequences is comparable

to that of control strain SF2. Panel D: Western Blots of SF2 Nef

(positive control), DNef (negative control), ancestral Nef, global

consensus B Nef, and representative patient-derived Nef clonal

sequences from modern and historic eras.

(EPS)

Acknowledgments

We thank Simon Mallal, Mina John and Toshiyuki Miura for support and

helpful discussions, Jennifer Sela, Pamela Rosato and Rosemary McClos-

key for technical assistance, and Rodney VanDerwarker for administrative

support.

We gratefully acknowledge the individuals who participated in the

original cohort studies, and the individuals who helped preserve and

maintain the resulting repositories of biological specimens.

Author Contributions

Conceived and designed the experiments: LAC XTK AQL JMC CJB

PRH MAB AFYP ZLB. Performed the experiments: LAC XTK AQL BC

DRC TJM AS GA PM PN KAP MAR. Analyzed the data: LAC XTK

AQL JMC CJB EM AFYP ZLB. Contributed reagents/materials/analysis

tools: MJM MTS MM MC BDW TW SB JF BK KHM PRH. Wrote the

paper: ZLB. Conceived and designed the study: ZLB. Performed ancestral

reconstructions: AFYP.

References

1. Phillips RE, Rowland-Jones S, Nixon DF, Gotch FM, Edwards JP, et al. (1991)

Human immunodeficiency virus genetic variation that can escape cytotoxic T

cell recognition. Nature 354: 453–459.

2. Rowland-Jones SL, Phillips RE, Nixon DF, Gotch FM, Edwards JP, et al.

(1992) Human immunodeficiency virus variants that escape cytotoxic T-cell

recognition. AIDS Res Hum Retroviruses 8: 1353–1354.

3. Borrow P, Lewicki H, Wei X, Horwitz MS, Peffer N, et al. (1997) Antiviral

pressure exerted by HIV-1-specific cytotoxic T lymphocytes (CTLs) during

primary infection demonstrated by rapid selection of CTL escape virus. Nat

Med 3: 205–211.

4. Goulder PJ, Watkins DI (2004) HIV and SIV CTL escape: implications for

vaccine design. Nat Rev Immunol 4: 630–640.

5. Leslie AJ, Pfafferott KJ, Chetty P, Draenert R, Addo MM, et al. (2004) HIV

evolution: CTL escape mutation and reversion after transmission. Nat Med 10:

282–289.

6. Henn MR, Boutwell CL, Charlebois P, Lennon NJ, Power KA, et al. (2012)

Whole genome deep sequencing of HIV-1 reveals the impact of early minor

variants upon immune recognition during acute infection. PLoS Pathog 8:

e1002529.

7. Duda A, Lee-Turner L, Fox J, Robinson N, Dustan S, et al. (2009) HLA-

associated clinical progression correlates with epitope reversion rates in early

human immunodeficiency virus infection. J Virol 83: 1228–1239.

8. Crawford H, Prado JG, Leslie A, Hue S, Honeyborne I, et al. (2007)

Compensatory mutation partially restores fitness and delays reversion of escape

mutation within the immunodominant HLA-B*5703-restricted Gag epitope in

chronic human immunodeficiency virus type 1 infection. J Virol 81: 8346–8351.

9. Fryer HR, Frater J, Duda A, Roberts MG, Phillips RE, et al. (2010) Modelling

the evolution and spread of HIV immune escape mutants. PLoS Pathog 6:

e1001196.

10. Leslie A, Kavanagh D, Honeyborne I, Pfafferott K, Edwards C, et al. (2005)

Transmission and accumulation of CTL escape variants drive negative

associations between HIV polymorphisms and HLA. J Exp Med 201: 891–902.

11. Schneidewind A, Brumme ZL, Brumme CJ, Power KA, Reyor LL, et al. (2009)

Transmission and long-term stability of compensated CD8 escape mutations.

J Virol 83: 3993–3997.

12. Kawashima Y, Pfafferott K, Frater J, Matthews P, Payne R, et al. (2009)

Adaptation of HIV-1 to human leukocyte antigen class I. Nature 458: 641–645.

13. Cornelissen M, Hoogland FM, Back NK, Jurriaans S, Zorgdrager F, et al.

(2009) Multiple transmissions of a stable human leucocyte antigen-B27

cytotoxic T-cell-escape strain of HIV-1 in The Netherlands. AIDS 23: 1495–

1500.

14. Goulder PJ, Brander C, Tang Y, Tremblay C, Colbert RA, et al. (2001)

Evolution and transmission of stable CTL escape mutations in HIV infection.

Nature 412: 334–338.

15. Navis M, Matas DE, Rachinger A, Koning FA, van Swieten P, et al. (2008)

Molecular evolution of human immunodeficiency virus type 1 upon

transmission between human leukocyte antigen disparate donor-recipient

pairs. PLoS ONE 3: e2422.

16. Brander C, Walker BD (2003) Gradual adaptation of HIV to human host

populations: good or bad news? Nat Med 9: 1359–1362.

17. Daar ES, Richman DD (2005) Confronting the emergence of drug-resistant

HIV type 1: impact of antiretroviral therapy on individual and population

resistance. AIDS Res Hum Retroviruses 21: 343–357.

18. Moore CB, John M, James IR, Christiansen FT, Witt CS, et al. (2002)

Evidence of HIV-1 adaptation to HLA-restricted immune responses at a

population level. Science 296: 1439–1443.

19. Schellens IM, Navis M, van Deutekom HW, Boeser-Nunnink B, Berkhout B, et

al. (2011) Loss of HIV-1-derived cytotoxic T lymphocyte epitopes restricted by

protective HLA-B alleles during the HIV-1 epidemic. AIDS 25: 1691–1700.

20. Dilernia DA, Jones L, Rodriguez S, Turk G, Rubio AE, et al. (2008) HLA-

driven convergence of HIV-1 viral subtypes B and F toward the adaptation to

immune responses in human populations. PLoS ONE 3: e3429.

21. Arien KK, Vanham G, Arts EJ (2007) Is HIV-1 evolving to a less virulent form

in humans? Nat Rev Microbiol 5: 141–151.

22. Herbeck JT, Muller V, Maust BS, Ledergerber B, Torti C, et al. (2012) Is the

virulence of HIV changing? A meta-analysis of trends in prognostic markers of

HIV disease progression and transmission. AIDS 26: 193–205.

23. Arien KK, Troyer RM, Gali Y, Colebunders RL, Arts EJ, et al. (2005)

Replicative fitness of historical and recent HIV-1 isolates suggests HIV-1

attenuation over time. AIDS 19: 1555–1564.

24. Keet IP, Veugelers PJ, Koot M, de Weerd MH, Roos MT, et al. (1996)

Temporal trends of the natural history of HIV-1 infection following

seroconversion between 1984 and 1993. AIDS 10: 1601–1602.

25. Muller V, Ledergerber B, Perrin L, Klimkait T, Furrer H, et al. (2006) Stable

virulence levels in the HIV epidemic of Switzerland over two decades. AIDS

20: 889–894.

26. (2000) Time from HIV-1 seroconversion to AIDS and death before widespread

use of highly-active antiretroviral therapy: a collaborative re-analysis.

Collaborative Group on AIDS Incubation and HIV Survival including the

CASCADE EU Concerted Action. Concerted Action on SeroConversion to

AIDS and Death in Europe. Lancet 355: 1131–1137.

27. Troude P, Chaix ML, Tran L, Deveau C, Seng R, et al. (2009) No evidence of

a change in HIV-1 virulence since 1996 in France. AIDS 23: 1261–1267.

28. Herbeck JT, Gottlieb GS, Li X, Hu Z, Detels R, et al. (2008) Lack of Evidence

for Changing Virulence of HIV-1 in North America. PLoS ONE 3: e1525.

29. Gras L, Jurriaans S, Bakker M, van Sighem A, Bezemer D, et al. (2009) Viral

load levels measured at set-point have risen over the last decade of the HIV

epidemic in the Netherlands. PLoS ONE 4: e7365.

30. Dorrucci M, Rezza G, Porter K, Phillips A (2007) Temporal trends in

postseroconversion CD4 cell count and HIV load: the Concerted Action on

Seroconversion to AIDS and Death in Europe Collaboration, 1985–2002.

J Infect Dis 195: 525–534.

31. Furutsuki T, Hosoya N, Kawana-Tachikawa A, Tomizawa M, Odawara T,

et al. (2004) Frequent transmission of cytotoxic-T-lymphocyte escape mutants

of human immunodeficiency virus type 1 in the highly HLA-A24-positive

Japanese population. J Virol 78: 8437–8445.

32. Nomura S, Hosoya N, Brumme ZL, Brockman MA, Kikuchi T, et al. (2013)

Significant reductions in Gag-protease-mediated HIV-1 replication capacity

during the course of the epidemic in Japan. J Virol 87: 1465–1476.

33. Gali Y, Berkhout B, Vanham G, Bakker M, Back NK, et al. (2007) Survey of

the temporal changes in HIV-1 replicative fitness in the Amsterdam Cohort.

Virology 364: 140–146.

34. van Griensven GJ, Hessol NA, Koblin BA, Byers RH, O’Malley PM, et al.

(1993) Epidemiology of human immunodeficiency virus type 1 infection among

homosexual men participating in hepatitis B vaccine trials in Amsterdam, New

York City, and San Francisco, 1978–1990. Am J Epidemiol 137: 909–915.

Host Adaptation of HIV-1 in North America

PLOS Genetics | www.plosgenetics.org 19 April 2014 | Volume 10 | Issue 4 | e1004295



35. Koblin BA, van Benthem BH, Buchbinder SP, Ren L, Vittinghoff E, et al.
(1999) Long-term survival after infection with human immunodeficiency virus

type 1 (HIV-1) among homosexual men in hepatitis B vaccine trial cohorts in

Amsterdam, New York City, and San Francisco, 1978–1995. Am J Epidemiol
150: 1026–1030.

36. Mayer K, Appelbaum J, Rogers T, Lo W, Bradford J, et al. (2001) The

evolution of the Fenway Community Health model. Am J Public Health 91:
892–894.

37. Seage GR, 3rd, Mayer KH, Wold C, Lenderking WR, Goldstein R, et al.
(1998) The social context of drinking, drug use, and unsafe sex in the Boston

Young Men Study. J Acquir Immune Defic Syndr Hum Retrovirol 17: 368–

375.

38. Byers RH, Jr., Morgan WM, Darrow WW, Doll L, Jaffe HW, et al. (1988)

Estimating AIDS infection rates in the San Francisco cohort. AIDS 2: 207–210.

39. Foley B, Pan H, Buchbinder S, Delwart EL (2000) Apparent founder effect
during the early years of the San Francisco HIV type 1 epidemic (1978–1979).

AIDS Res Hum Retroviruses 16: 1463–1469.

40. Jeffries E, Willoughby B, Boyko WJ, Schechter MT, Wiggs B, et al. (1985) The
Vancouver Lymphadenopathy-AIDS Study: 2. Seroepidemiology of HTLV-III

antibody. Can Med Assoc J 132: 1373–1377.

41. Schechter MT, Boyko WJ, Douglas B, Willoughby B, McLeod A, et al. (1986)
The Vancouver Lymphadenopathy-AIDS Study: 6. HIV seroconversion in a

cohort of homosexual men. CMAJ 135: 1355–1360.

42. Schechter MT, Boyko WJ, Jeffries E, Willoughby B, Nitz R, et al. (1985) The
Vancouver Lymphadenopathy-AIDS Study: 1. Persistent generalized lymph-

adenopathy. Can Med Assoc J 132: 1273–1279.

43. Carlson JM, Brumme CJ, Martin E, Listgarten J, Brockman MA, et al. (2012)
Correlates of protective cellular immunity revealed by analysis of population-

level immune escape pathways in HIV-1. J Virol 86: 13202–13216.

44. Martinez-Picado J, Prado JG, Fry EE, Pfafferott K, Leslie A, et al. (2006)
Fitness cost of escape mutations in p24 Gag in association with control of

human immunodeficiency virus type 1. J Virol 80: 3617–3623.

45. Schneidewind A, Brockman MA, Yang R, Adam RI, Li B, et al. (2007) Escape

from the dominant HLA-B27-restricted cytotoxic T-lymphocyte response in

Gag is associated with a dramatic reduction in human immunodeficiency virus
type 1 replication. J Virol 81: 12382–12393.

46. Ueno T, Motozono C, Dohki S, Mwimanzi P, Rauch S, et al. (2008) CTL-

mediated selective pressure influences dynamic evolution and pathogenic
functions of HIV-1 Nef. J Immunol 180: 1107–1116.

47. Listgarten J, Brumme Z, Kadie C, Xiaojiang G, Walker B, et al. (2008)

Statistical resolution of ambiguous HLA typing data. PLoS Comput Biol 4:
e1000016.

48. Cotton LA, Rahman MA, Ng C, Le AQ, Milloy MJ, et al. (2012) HLA class I
sequence-based typing using DNA recovered from frozen plasma. J Immunol

Methods 382: 40–47.

49. Ross HA, Nickle DC, Liu Y, Heath L, Jensen MA, et al. (2006) Sources of
variation in ancestral sequence reconstruction for HIV-1 envelope genes. Evol

Bioinform Online 2: 53–76.

50. Gaschen B, Taylor J, Yusim K, Foley B, Gao F, et al. (2002) Diversity
considerations in HIV-1 vaccine selection. Science 296: 2354–2360.

51. Bhattacharya T, Daniels M, Heckerman D, Foley B, Frahm N, et al. (2007)

Founder effects in the assessment of HIV polymorphisms and HLA allele
associations. Science 315: 1583–1586.

52. Drummond AJ, Rambaut A (2007) BEAST: Bayesian evolutionary analysis by

sampling trees. BMC Evol Biol 7: 214.

53. Korber B, Muldoon M, Theiler J, Gao F, Gupta R, et al. (2000) Timing the

ancestor of the HIV-1 pandemic strains. Science 288: 1789–1796.

54. Robbins KE, Lemey P, Pybus OG, Jaffe HW, Youngpairoj AS, et al. (2003)
U.S. Human immunodeficiency virus type 1 epidemic: date of origin,

population history, and characterization of early strains. J Virol 77: 6359–6366.

55. Gilbert MT, Rambaut A, Wlasiuk G, Spira TJ, Pitchenik AE, et al. (2007) The
emergence of HIV/AIDS in the Americas and beyond. Proc Natl Acad

Sci U S A 104: 18566–18570.

56. Murrell B, Moola S, Mabona A, Weighill T, Sheward D, et al. (2013) FUBAR:
a fast, unconstrained bayesian approximation for inferring selection. Mol Biol

Evol 30: 1196–1205.

57. O’Brien SJ, Gao X, Carrington M (2001) HLA and AIDS: a cautionary tale.
Trends Mol Med 7: 379–381.

58. Migueles SA, Sabbaghian MS, Shupert WL, Bettinotti MP, Marincola FM,

et al. (2000) HLA B*5701 is highly associated with restriction of virus
replication in a subgroup of HIV-infected long term nonprogressors. Proc Natl

Acad Sci U S A 97: 2709–2714.

59. Carrington M, O’Brien SJ (2003) The influence of HLA genotype on AIDS.
Annu Rev Med 54: 535–551.

60. Brockman MA, Brumme ZL, Brumme CJ, Miura T, Sela J, et al. (2010) Early
selection in Gag by protective HLA alleles contributes to reduced HIV-1

replication capacity that may be largely compensated for in chronic infection.

J Virol 84: 11937–11949.

61. Miura T, Brockman MA, Brumme ZL, Brumme CJ, Pereyra F, et al. (2009)

HLA-associated alterations in replication capacity of chimeric NL4–3 viruses

carrying gag-protease from elite controllers of human immunodeficiency virus
type 1. J Virol 83: 140–149.

62. Wright J, Brumme Z, Carlson J, Heckerman D, Kadie C, et al. (2010) Gag-

protease-mediated replication capacity in HIV-1 subtype C chronic infection:

associations with HLA type and clinical parameters. Journal of Virology 84:

10820–10831.

63. Wright JK, Novitsky V, Brockman MA, Brumme ZL, Brumme CJ, et al. (2011)

Influence of Gag-Protease-Mediated Replication Capacity on Disease Progres-

sion in Individuals Recently Infected with HIV-1 Subtype C. J Virol.

64. Arganaraz ER, Schindler M, Kirchhoff F, Cortes MJ, Lama J (2003) Enhanced

CD4 down-modulation by late stage HIV-1 nef alleles is associated with

increased Env incorporation and viral replication. J Biol Chem 278: 33912–

33919.

65. Carl S, Greenough TC, Krumbiegel M, Greenberg M, Skowronski J, et al.

(2001) Modulation of different human immunodeficiency virus type 1 Nef

functions during progression to AIDS. J Virol 75: 3657–3665.

66. Noviello CM, Pond SL, Lewis MJ, Richman DD, Pillai SK, et al. (2007)

Maintenance of Nef-mediated modulation of major histocompatibility complex

class I and CD4 after sexual transmission of human immunodeficiency virus

type 1. J Virol 81: 4776–4786.

67. Mwimanzi P, Markle TJ, Martin E, Ogata Y, Kuang XT, et al. (2013)

Attenuation of multiple Nef functions in HIV-1 elite controllers. Retrovirology

10: 1.

68. Mwimanzi P, Markle TJ, Ogata Y, Martin E, Tokunaga M, et al. (2013)

Dynamic range of Nef functions in chronic HIV-1 infection. Virology 439: 74–

80.

69. Dong T, Zhang Y, Xu KY, Yan H, James I, et al. (2011) Extensive HLA-driven

viral diversity following a narrow-source HIV-1 outbreak in rural China. Blood

118: 98–106.

70. Matthews PC, Leslie AJ, Katzourakis A, Crawford H, Payne R, et al. (2009)

HLA Footprints on HIV-1 Are Associated with Inter-Clade Polymorphisms

and Intra-Clade Phylogenetic Clustering. J Virol 83: 4605–4615.

71. Frater AJ, Brown H, Oxenius A, Gunthard HF, Hirschel B, et al. (2007)

Effective T-cell responses select human immunodeficiency virus mutants and

slow disease progression. J Virol 81: 6742–6751.

72. Matthews PC, Prendergast A, Leslie A, Crawford H, Payne R, et al. (2008)

Central role of reverting mutations in HLA associations with human

immunodeficiency virus set point. J Virol 82: 8548–8559.

73. Wang YE, Li B, Carlson JM, Streeck H, Gladden AD, et al. (2009) Protective

HLA class I alleles that restrict acute-phase CD8+ T-cell responses are

associated with viral escape mutations located in highly conserved regions of

human immunodeficiency virus type 1. J Virol 83: 1845–1855.

74. Brumme ZL, Brumme CJ, Carlson J, Streeck H, John M, et al. (2008) Marked

epitope- and allele-specific differences in rates of mutation in human

immunodeficiency type 1 (HIV-1) Gag, Pol, and Nef cytotoxic T-lymphocyte

epitopes in acute/early HIV-1 infection. J Virol 82: 9216–9227.

75. Delport W, Scheffler K, Seoighe C (2008) Frequent toggling between

alternative amino acids is driven by selection in HIV-1. PLoS Pathog 4:

e1000242.

76. Payne RP, Kloverpris H, Sacha JB, Brumme Z, Brumme C, et al. (2010)

Efficacious early antiviral activity of HIV Gag- and Pol-specific HLA-B 2705-

restricted CD8+ T cells. J Virol 84: 10543–10557.

77. Edwards BH, Bansal A, Sabbaj S, Bakari J, Mulligan MJ, et al. (2002)

Magnitude of functional CD8+ T-cell responses to the gag protein of human

immunodeficiency virus type 1 correlates inversely with viral load in plasma.

J Virol 76: 2298–2305.

78. Dinges WL, Richardt J, Friedrich D, Jalbert E, Liu Y, et al. (2010) Virus-

specific CD8+ T-cell responses better define HIV disease progression than

HLA genotype. J Virol 84: 4461–4468.

79. Mothe B, Llano A, Ibarrondo J, Zamarreno J, Schiaulini M, et al. (2012) CTL

responses of high functional avidity and broad variant cross-reactivity are

associated with HIV control. PLoS ONE 7: e29717.

80. Turnbull EL, Lopes AR, Jones NA, Cornforth D, Newton P, et al. (2006) HIV-

1 epitope-specific CD8+ T cell responses strongly associated with delayed

disease progression cross-recognize epitope variants efficiently. J Immunol 176:

6130–6146.

81. Allen TM, Yu XG, Kalife ET, Reyor LL, Lichterfeld M, et al. (2005) De novo

generation of escape variant-specific CD8+ T-cell responses following cytotoxic

T-lymphocyte escape in chronic human immunodeficiency virus type 1

infection. J Virol 79: 12952–12960.

82. Ladell K, Hashimoto M, Iglesias MC, Wilmann PG, McLaren JE, et al. (2013)

A molecular basis for the control of preimmune escape variants by HIV-specific

CD8+ T cells. Immunity 38: 425–436.

83. Rolland M, Jensen MA, Nickle DC, Yan J, Learn GH, et al. (2007)

Reconstruction and function of ancestral center-of-tree human immunodefi-

ciency virus type 1 proteins. J Virol 81: 8507–8514.

84. Collins KL, Chen BK, Kalams SA, Walker BD, Baltimore D (1998) HIV-1 Nef

protein protects infected primary cells against killing by cytotoxic T

lymphocytes. Nature 391: 397–401.

85. Fryer HR, Frater J, Duda A, Palmer D, Phillips RE, et al. (2012) Cytotoxic T-

lymphocyte escape mutations identified by HLA association favor those which

escape and revert rapidly. J Virol 86: 8568–8580.

86. Bunnik EM, Euler Z, Welkers MR, Boeser-Nunnink BD, Grijsen ML, et al.

(2010) Adaptation of HIV-1 envelope gp120 to humoral immunity at a

population level. Nat Med 16: 995–997.

87. Bouvin-Pley M, Morgand M, Moreau A, Jestin P, Simonnet C, et al. (2013)

Evidence for a Continuous Drift of the HIV-1 Species towards Higher

Host Adaptation of HIV-1 in North America

PLOS Genetics | www.plosgenetics.org 20 April 2014 | Volume 10 | Issue 4 | e1004295



Resistance to Neutralizing Antibodies over the Course of the Epidemic. PLoS

Pathog 9: e1003477.
88. Rerks-Ngarm S, Pitisuttithum P, Nitayaphan S, Kaewkungwal J, Chiu J, et al.

(2009) Vaccination with ALVAC and AIDSVAX to prevent HIV-1 infection in

Thailand. N Engl J Med 361: 2209–2220.
89. Abdool Karim Q, Abdool Karim SS, Frohlich JA, Grobler AC, Baxter C, et al.

(2010) Effectiveness and safety of tenofovir gel, an antiretroviral microbicide,
for the prevention of HIV infection in women. Science 329: 1168–1174.

90. Montaner JS, Lima VD, Barrios R, Yip B, Wood E, et al. (2010) Association of

highly active antiretroviral therapy coverage, population viral load, and yearly
new HIV diagnoses in British Columbia, Canada: a population-based study.

Lancet 376: 532–539.
91. Cohen MS, Chen YQ, McCauley M, Gamble T, Hosseinipour MC, et al.

(2011) Prevention of HIV-1 infection with early antiretroviral therapy.
N Engl J Med 365: 493–505.

92. Grant RM, Lama JR, Anderson PL, McMahan V, Liu AY, et al. (2010)

Preexposure chemoprophylaxis for HIV prevention in men who have sex with
men. N Engl J Med 363: 2587–2599.

93. Richman DD, Margolis DM, Delaney M, Greene WC, Hazuda D, et al. (2009)
The challenge of finding a cure for HIV infection. Science 323: 1304–1307.

94. Katlama C, Deeks SG, Autran B, Martinez-Picado J, van Lunzen J, et al.

(2013) Barriers to a cure for HIV: new ways to target and eradicate HIV-1
reservoirs. Lancet 381: 2109–2117.

95. Durand CM, Blankson JN, Siliciano RF (2012) Developing strategies for HIV-1
eradication. Trends Immunol 33: 554–562.

96. Woods CK, Brumme CJ, Liu TF, Chui CK, Chu AL, et al. (2012) Automating
HIV drug resistance genotyping with RECall, a freely accessible sequence

analysis tool. J Clin Microbiol.

97. Pond SL, Frost SD, Muse SV (2005) HyPhy: hypothesis testing using
phylogenies. Bioinformatics 21: 676–679.

98. Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, et al. (2010) New

algorithms and methods to estimate maximum-likelihood phylogenies: assessing
the performance of PhyML 3.0. Syst Biol 59: 307–321.

99. Fourment M, Gibbs MJ (2006) PATRISTIC: a program for calculating

patristic distances and graphically comparing the components of genetic
change. BMC Evol Biol 6: 1.

100. Delport W, Poon AF, Frost SD, Kosakovsky Pond SL (2010) Datamonkey
2010: a suite of phylogenetic analysis tools for evolutionary biology.

Bioinformatics 26: 2455–2457.

101. Poon AF, Frost SD, Pond SL (2009) Detecting signatures of selection from
DNA sequences using Datamonkey. Methods Mol Biol 537: 163–183.

102. Kosakovsky Pond SL, Posada D, Stawiski E, Chappey C, Poon AF, et al. (2009)
An evolutionary model-based algorithm for accurate phylogenetic breakpoint

mapping and subtype prediction in HIV-1. PLoS Comput Biol 5: e1000581.
103. Drummond AJ, Ho SY, Phillips MJ, Rambaut A (2006) Relaxed phylogenetics

and dating with confidence. PLoS Biol 4: e88.

104. Carlson JM, Listgarten J, Pfeifer N, Tan V, Kadie C, et al. (2012) Widespread
Impact of HLA Restriction on Immune Control and Escape Pathways of HIV-

1. J Virol 86: 5230–5243.
105. Storey JD, Tibshirani R (2003) Statistical significance for genomewide studies.

Proc Natl Acad Sci U S A 100: 9440–9445.

106. Brockman MA, Tanzi GO, Walker BD, Allen TM (2006) Use of a novel GFP
reporter cell line to examine replication capacity of CXCR4- and CCR5-tropic

HIV-1 by flow cytometry. J Virol Methods 131: 134–142.
107. Mann JK, Byakwaga H, Kuang XT, Le AQ, Brumme CJ, et al. (2013) Ability

of HIV-1 Nef to downregulate CD4 and HLA class I differs among viral
subtypes. Retrovirology 10: 100.

108. Shugars DC, Smith MS, Glueck DH, Nantermet PV, Seillier-Moiseiwitsch F,

et al. (1993) Analysis of human immunodeficiency virus type 1 nef gene
sequences present in vivo. J Virol 67: 4639–4650.

Host Adaptation of HIV-1 in North America

PLOS Genetics | www.plosgenetics.org 21 April 2014 | Volume 10 | Issue 4 | e1004295


