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The hypothesis that the intrapatient emergence of cytotoxic T-lymphocyte escape variants contributes to the
evolution of human immunodeficiency virus type 1 at the population (interpatient) level was tested using the
HLA-A*0201-restricted gag p17 epitope SLYNTVATL. Using a simple experimental design, we investigated the
evolutionary processes operating within this epitope among patients while compensating for the confounding
influence of intrapatient natural selection. Using this approach, we revealed a pattern of A*0201-driven escape
within patients, followed by the sustained transmission of these escape variants among patients irrespective of
their HLA type.

During infection with human immunodeficiency virus type 1
(HIV-1), the cytotoxic T-lymphocyte (CTL) response plays a
central role in controlling viral replication (3, 16, 17, 27) and
has been shown to drive the emergence of escape variants
capable of evading CTL recognition (4, 13, 22). If these escape
variants are continually transmitted, it is possible that the CTL
response will also influence HIV-1 genetic variation at the
population (interpatient) level. The accumulation of escape
variants across the infected population is supported by the
observation that rare HLA supertypes are associated with im-
proved control of viral replication and slower disease progres-
sion (26). However, although the horizontal transmission of
escape variants has been inferred from the detection of CTL
escape mutants early in the acute phase of infection (1, 7, 11,
18), whether this process has a major effect on HIV-1 evolution
at the population level is unclear. If escape variants carry a
fitness cost in patients unable to mount a response against the
epitope in question (i.e., who lack the appropriate HLA type),
then the persistent transmission of these variants is unlikely.
Indeed, the reversion of CTL escape mutations in patients with
an incompatible genetic background has been demonstrated
(18), and the need for compensatory mutations suggests that
some CTL escape mutations incur a cost (15). In the analogous
situation of drug-resistant variants, compensatory mutations
may enhance the fitness of resistant strains (9) but fail to
prevent reversion to susceptible genotypes upon transmission
to drug-naive recipients (8).

How intrapatient CTL escape contributes to evolution at the
population level is crucial in understanding long-term patterns
of change in HIV. To address this question, we examined the
HLA-A*0201-restricted gag p17 epitope SLYNTVATL (SL9)

in subtype B patients. CTL escape has been intensively studied
in this epitope (5, 10, 12, 14), and the A*0201 HLA type is by
far the most common within Caucasians (44% phenotype fre-
quency) (19), making it a strong candidate to influence evolu-
tion at the population level.

By combining multiple patients within a single analysis, it is
possible to analyze evolutionary dynamics at the population
level. However, it is first necessary to exclude the confounding
effect of selection operating within each of the individual pa-
tients. This was achieved by only analyzing those patients un-
able to mount a CTL response against SL9, which enabled us
to determine whether A*0201�-associated escape mutants
were transmitted through the population because of their en-
hanced fitness or emerged within each patient individually.

In our initial analysis, we confirmed that intrapatient posi-
tive selection within SL9 is limited to A*0201� patients. Se-
quences were obtained from two previously published studies
(5, 6) (accession numbers AF017813 to AF017980, AF028563
to AF028587, AF060031 to AF060073, and AF073382 to
AF073441), totaling 18 HLA-typed patients, with the number
of clones from each ranging from 7 to 43 (average, 15.6) (Table
1). First, sequences were aligned manually using the Se-Al
program (23). Maximum-likelihood phylogenetic trees were
then estimated using the PAUP* package (25) assuming the
general time-reversible (GTR � I � �) model of nucleotide
substitution, with all parameters estimated from the data
(available on request). For each patient phylogeny, an ances-
tral reconstruction using maximum likelihood was performed
with the DATAMONKEY program (21). The number of syn-
onymous (dS) and nonsynonymous (dN) substitutions per site
for each codon was then determined. Under positive selection,
we expect dN � dS. A per-site comparison of the difference
between dN and dS in the A*0201� and A*0201� patient
groups allowed us to test whether the strength of positive
selection was the same in each group. For amino acids 71 to 91
in gag p17, we found a significant difference only at T84
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(A*0201� mean dN � dS � �0.22; A*0201� mean dN � dS �
0.60; P � 0.010 using a one-tailed t test) (Table 1). Although
not an explicit test of intrapatient positive selection, this dem-
onstrates that nonsynonymous changes at T84 are limited
largely to A*0201� patients. Changes at this site have been
shown to facilitate escape from A*0201 (10).

We next examined whether transmission of T84 variants
influences evolution at the population level. We combined
sequences from multiple A*0201� patients within a single
analysis (accession numbers AY656030 to AY656080) (18). By
excluding A*0201� patients, this ensures that any selection
observed is unlikely to be the consequence of multiple inde-
pendent selection events operating within the patient group.
Full-length gag sequences were collected from a total of 36
subtype B-infected patients visiting clinics in and around the
London area (18). Of these, 17 were A*0201� and should
therefore be incapable of mounting an SL9-restricted re-
sponse. We tested for positive selection among the A*0201�

patients by estimating dN/dS for each codon using the
CODEML program (28). A comparison of two models of
codon evolution allows investigation of selection pressures

based on their fit to the data. In model 8 (M8), codons are
distributed into 11 categories of dN/dS, 10 of which have a value
of �1, with an extra category for which dN/dS is estimated
freely and can therefore be �1 (implying positive selection).
This was compared to the neutral M8N model in which the
11th dN/dS category is fixed at 1 (implying neutrality), using a
likelihood ratio test with one degree of freedom. Evidence for
positive selection is provided if M8 is a significantly better
description of the data than M8N and dN/dS for the 11th
category is �1. The posterior probability that the assignment
of sites to this category is correct is estimated using Bayesian
inference. To ensure that our analysis is not compromised by
frequent recombination (2), we tested for genetic exchange
using the GENECONV program prior to selection analysis
(24). No evidence for recombination was found in the
A*0201� data set (results available on request). We found
evidence for positive selection at site T84 (dN/dS � 1.8; pos-
terior probabilities, �0.95; Table 2; the result from the analysis
of all 36 patients is also shown). Selection was also observed at
Y79, a site which is similarly associated with escape from
A*0201 (10). This supports the notion that mutations at these

TABLE 1. Intrapatient HIV-1 data sets

Subtype B consensus na lb G71 S72 E73 E74 L75 R76 S77 L78 Y79 N80 T81 V82 A83 T84 L85 Y86 C87 V88 H89 Q90 R91

A2� patients
35i 10 273 —c — — — — — — — F — — — — — — — — — — — Q
053i 10 570 — — — — — K — — F — — — — V — — — — — — —
11497 10 234 — — — — — — — — — — — — — — — F S — R — —
11841 7 126 — — — — — — — — F — — — — — — — — — — — —
11850 16 273 — — — — — Q — — — — — I — V — — — — — — K
13632 13 180 — — — — — K — — F — — I — — — — — — — — —
13997 8 264 — — — — — K — — — — — — — — — — — — — — K
14532 14 495 — — — — — K — — — — — I — V — — — — — — —
15160 13 357 — — — — — — — — — — — — — — — — — — — — —

A2� patients
115i 14 447 — — — — — — — — F — — — — — — — — — — — K
221L 24 330 — — — — — K — — — — — — — V — — — — — — —
11504 11 411 — — — — — K — — F — — — — — — — — — — — —
11914 7 249 — — — — — K — — — — — — — — — — — — — — —
13010 17 315 — — — — — — — — — — — — — V — — — — — — K
13070 12 222 — — — — I K — — — — — I — V — — — — — — —
15626 12 195 — — — — — — — — — — — I — — — — — — — — —
18030 39 420 — — — — — K — — — — — I — — — — — — — — G
VI06 43 498 — — — — — — — — — — — — — — — — — — — — K

a n, number of sequences.
b l, sequence length in base pairs.
c —, no change.

TABLE 2. Interpatient HIV-1 selection analysis

Subtype B consensus na lb G71 S72 E73 E74 L75 R76 S77 L78 Y79 N80 T81 V82 A83 T84 I85 Y86 C87 V88 H89 Q90 R91 dN/dS
LRTc

P value

A*0201�/� 36 1,140 —d — — — — K — — F — — — — — — — — — — — — 2.26 �0.05
A*0201� 17 1,140 — — — — — K — — F — — — — — — — — — — — — 1.81 �0.05
A*01�; A*0201�;

A*1101�; A*3002�;
B*0801�

21 1,140 — — — — — K — — — — — — — — — — — — — — — 2.43 �0.05

a n, number of sequences.
b l, sequence length in base pairs.
c dN/dS values are only shown in cases where the likelihood ratio test (LRT) of positive-selection model M8, compared to neutral model M8N, yielded a significant

result. Positively selected sites, with a �95% posterior probability of being in the selected class of sites, are in boldface type.
d —, no change.
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sites are advantageous in A*0201� patients and sustained in
the wider population through interpatient transmission.

SL9 is also overlapped by epitopes restricted by A*01,
A*1101, A*3002, and B*0801 (Fig. 1). To exclude their possi-
ble influence, we repeated the analyses using patients negative
for all these alleles, as well as A*0201. To obtain the necessary
numbers, we combined sequences from multiple cohorts in the
United Kingdom, Boston, and Barbados, using 21 patients out
of a total of 92 (18). This analysis again revealed evidence for

selection at sites Y79 and T84 (dN/dS � 2.4; posterior proba-
bilities, �0.95; Table 2), confirming that the selection observed
is operating at a level above the individuals from whom the
sequences were derived. To further validate our hypothesis of
population level evolution, we tested the assumption of sus-
tained transmission by mapping the selected sites onto a phy-
logenetic tree. Using the principle of parsimony, we were able
to show that changes at both the Y79 and T84 sites were
located on branches that precede the divergence between pa-

FIG. 1. HLA alleles restricting epitopes within the region of SLYNTVATL. Allele frequencies were obtained from reference 19.

FIG. 2. Phylogenetic trees showing the evolutionary relationships among 92 patients within the United Kingdom cohort. A dot indicates
A*0201�. The trees were rooted using the subtype B consensus sequence. Horizontal branch lengths are drawn to a scale of substitutions per site.
The locations of changes within the SLYNTVATL epitope are shown as grey branches. Panels: left, Y79; right, T84.
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tients, consistent with our assumption that these variants are
transmitted (Fig. 2).

Although we were able to detect positive selection operating
within SL9 at the population level, that A*0201 is the allele
responsible for driving this diversification is only clear for T84,
since nonsynonymous changes at this site are limited to
A*0201� patients. Nevertheless, the high frequency of A*0201
compared to other alleles that restrict overlapping epitopes
(Fig. 1) (19), and the well-documented role of A*0201 in se-
lecting for intrapatient escape through variation in Y79 and
T84 (10, 14, 20), is supportive of our hypothesis of positive
selection at both sites.

In summary, our analyses demonstrate that escape from the
A*0201-restricted CTL response is also having a major effect
on evolution within the SL9 epitope at the wider population
level. Our study therefore illustrates the potential impact of
intrapatient immune selection on the long-term evolution of
HIV-1.

This work was supported by the Wellcome Trust.
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