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Human immunodeficiency virus type 1 (HIV-1) genetic diversity is a major obstacle for the design of a
successful vaccine. Certain viral polymorphisms encode human leukocyte antigen (HLA)-associated immune
escape, potentially overcoming limited vaccine protection. Although transmission of immune escape variants
has been reported, the overall extent to which this phenomenon occurs in populations and the degree to which
it contributes to HIV-1 viral evolution are unknown. Selection on the HIV-1 env gene at transmission favors
neutralization-sensitive variants, but it is not known to what degree selection acts on the internal HIV-1
proteins to restrict or enhance the transmission of immune escape variants. Studies have suggested that HLA
class I may determine susceptibility to HIV-1 infection, but a definitive role for HLA at transmission remains
unproven. Comparing populations of acute seroconverters and chronically infected patients, we found no
evidence of selection acting to restrict transmission of HIV-1 variants. We found that statistical associations
previously reported in chronic infection between viral polymorphisms and HLA class I alleles are not present
in acute infection, suggesting that the majority of viral polymorphisms in these patients are the result of
transmission rather than de novo adaptation. Using four episodes of HIV-1 transmission in which the donors
and recipients were both sampled very close to the time of infection we found that, despite a transmission
bottleneck, genetic variants of HIV-1 infection are transmitted in a frequency-dependent manner. As HIV-1
infections are seeded by unique donor-adapted viral variants, each episode is a highly individual antigenic
challenge. Host-specific, idiosyncratic HIV-1 antigenic diversity will seriously tax the efficacy of immunization
based on consensus sequences.

The absence of an effective human immunodeficiency virus
type 1 (HIV-1) vaccine is, in part, a consequence of the re-
quirement to prime an immune response against extensive
viral variation. The human leukocyte antigen (HLA) class I
region shapes the cell-mediated arm of the HIV-1 immune
response and is a determinant of plasma viral load (16) and
clinical progression to AIDS (22). Studies have suggested a
role for HLA class I in determining susceptibility to infection
with HIV (7, 9, 13, 14), but a definitive role for HLA at the
time of transmission is unproven. Viral diversity immediately
after transmission is reduced (31, 32) and rare variants in the
donor may be disproportionately represented in the recipient
(29), but whether these findings are a consequence of any
HLA-mediated selection is unknown. In recently infected in-
dividuals there is a greater loss of diversity in the HIV-1 en-
velope (env) gene than in gag, suggesting that selection at
transmission is acting on env (31, 32); this is consistent with

data showing that neutralization-sensitive env variants are
preferentially transmitted (8). In addition, shortly after infec-
tion a high proportion of polymorphisms in the HIV-1 genome
are located within cytotoxic T lymphocyte (CTL) epitopes (5).
The processes governing transmission of the internal HIV-1
antigens which encode the majority of HLA class I-restricted
epitopes recognized by CTLs (1) are less clear.

The selection pressure imposed by HLA class I on HIV-1
results in viral escape mutations that facilitate evasion of the
immune response (25, 26) and may compromise vaccine effi-
cacy (4). Recently, it has been shown that certain of these
mutations can be transmitted both sexually (2, 12) and verti-
cally (18). At the population level, the overall extent to which
different escape mutations are transmitted, and also their im-
pact on the ability of the new host to prime an immune re-
sponse, is unknown.

Studies of genetic host-pathogen interactions are limited by
the requirement for large numbers of patients. In a study of
over 400 patients with chronic HIV-1 infection, 64 associations
were described between specific amino acids in the HIV-1 RT
gene and HLA class I molecules (of which 12 remained statis-
tically significant after correction for multiple comparisons)
(21), potentially shaping HIV-1 protein variation and driving
HIV-1 viral evolution (19). The extent to which this is true is
dependent on the dynamics of transmission and the rates of
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mutation reversion or accumulation (11, 18). Here, we present
a permutation-based statistical approach for testing global
host-pathogen genetic associations in populations and, in con-
junction with detailed genetic analysis of transmission between
pairs of individuals, we show that variants of HIV-1 internal
proteins, including those with escape properties, are being
transmitted passively with no evidence of limiting selection.

MATERIALS AND METHODS

Patients. From 136 predominantly Caucasian male homosexual acute sero-
converters sampled within 6 months of infection and recruited as part of a
prospective study of acute HIV-1 infection at St. Mary’s Hospital, London (20),
we identified 101 patients infected with subtype B HIV-1. From the clinical
cohort at St. Mary’s Hospital, London, a subgroup of drug-naı̈ve patients chron-
ically infected with subtype B HIV-1 was identified (n � 62). Subtypes were
confirmed from RT sequences, using LANL Treemaker software (http://hiv-web
.lanl.gov) and subtype reference sequences, and double-checked with NCBI
subtyping software (http://www.ncbi.nlm.nih.gov). Samples of plasma and genomic
DNA from a second European cohort (n � 128) of HIV-1 subtype B chronically
infected patients recruited as part of the SSITT therapeutic intervention trial (de-
scribed in detail elsewhere [10]) and at centers around the United Kingdom were
employed for further analysis of HLA class I-amino acid associations. From the
acute cohort, four transmission pairs were identified by the clinicians and confirmed
through close similarity of the RT sequence of infecting strains.

Diagnosis of acute HIV infection. Criteria for acute HIV-1 infection were
documented seronegative HIV-1 antibody test within the previous 6 months,
acute symptomatic seroconversion illness, positive HIV-1 DNA PCR, or positive
HIV-1 RNA quantification (Chiron 3.0; Chiron Inc., Emeryville, Calif.) in the
absence of an antibody response. In order to confirm primary HIV-1 infection,
sequential serum samples were later tested blindly with a “detuned” enzyme-
linked immunosorbent assay (Abbott).

PCR amplification and sequencing. For the analysis of the acute and chronic
cohorts, viral RNA was extracted from patient plasma and the HIV-1 RT gene
was sequenced using the HIV-1 genotyping kit (version 2; ABI) according to the
manufacturer’s instructions. For analysis of the four transmission pairs, se-
quences were derived from viral RNA, except for pair 3, for which only proviral
DNA was available. HIV-1 virion RNA encoding gag, pol, and nef was reverse
transcribed, amplified, cloned, and sequenced. Viral RNA was extracted using
the NucleoSpin RNA virus kit (Macherey-Nagel GmbH). Peripheral blood
mononuclear cells (PBMC) were obtained from heparinized blood using Ficoll
gradient centrifugation, and DNA was extracted from a minimum of 1 � 106 cells
using the Purigene DNA extraction kit (Gentra) according to the manufacturer’s
instructions. Viral RNA was reverse transcribed with the Reverse-iT 1st Strand
synthesis blender (ABgene, United Kingdom) and antisense primers, described
previously (23). These primers were also used for PCR amplification. Amplifi-
cation from both cDNA and proviral DNA was achieved with two rounds of
nested PCR (95°C for 2 min, followed by 95°C for 30 s, 50°C for 30 s, and 75°C
for 1.5 to 3 min for 35 cycles, and finally 75°C for 10 min). PCR products were
gel purified (gel purification kit; QIAGEN), ligated into the pCR4-TOPO vector
(Invitrogen), and sequenced with M13 forward and reverse primers using ABI
BigDye Terminator (v. 3.0; Applied Biosystems). Trace files were checked and
assembled using the Staden software package (www.mrc-lmb.cam.ac.uk/pubseq
/staden_home.html). Between 10 and 48 clones were sequenced for each time
point.

Phylogenetics. To illustrate the relationship between donor and recipient
viruses in each of the transmission pairs, gag p24 nucleotide sequences obtained
closest to the time of transmission were aligned manually using Se-Al and a
neighbor-joining tree was constructed using PAUP*, assuming the HKY85
model of nucleotide substitution. The gag gene was used, as multiple clonal
sequences for all eight members of the four transmission pairs were available,
thereby facilitating a high-resolution phylogenetic comparison. The relationship
between the four transmission pairs was confirmed using HIV-1 RT (data not
shown). Subtype A and B reference sequences were obtained from the HIV
Sequence Database (www.hiv.lanl.gov).

IFN-� ELISPOT assay. Wells of sterile 96-well microtiter plates containing
polyvinylidene difluoride (Millipore) were coated with mouse anti-human
gamma interferon (IFN-�) monoclonal antibody 1-D1K (0.5 �g/ml; Mabtech).
Frozen PBMC were added to the wells with peptide at a final concentration 10�5

to 10�9 M. Following overnight incubation, 0.5 �g/ml biotinylated anti-human
IFN-� monoclonal antibody clone 7-B6-1 (Mabtech) was added. Streptavidine-

conjugated alkaline phosphatase was added (0.5 �g/ml) and, following incuba-
tion for 40 min, spots were developed using chromogenic alkaline phosphatase
substrate (Bio-Rad) and counted using the AID version 2.9 ELISPOT plate
reader. The number of spots in the negative control was subtracted, and the
results were normalized to give the number of spot-forming cells per 106 PBMC.

Binding assay. Thawed cryopreserved B-cell lines expressing the relevant
HLA class I molecules were subjected to acid elution on ice using 0.263 M citric
acid and 0.123 M Na2HPO4 in equal volumes. The cells were washed in
RPMI–2% fetal calf serum and then incubated with fluorescein isothiocyanate-
labeled high-affinity reference peptide (150 �M to 900 �M) and test peptide at
threefold dilutions from 184 �M to 0.02 �M. Irrelevant peptides were included
as negative controls. Following 24 h of incubation at 4°C, the cells were analyzed
by flow cytometry. Percent inhibition of variant peptide against the fluorescent
peptide was used as a measure of binding affinity.

Statistics. Two-tailed Spearman’s nonparametric correlation coefficients were
used to compare the frequencies of variant alleles in the different patient cohorts.
In order to test for associations between HLA class I molecules and polymorphic
amino acids, the distribution of the number of mutations corresponding to the
associated HLA type that would be likely to occur by chance was estimated by
permutation. The amino acid sequences of the patients were assigned randomly
among the two-digit HLA class I types of the cases, and a score was calculated
as the total number of times that a mutation corresponding to the associated
HLA type occurred within the population. This was repeated 19,999 times to
estimate the distribution of this score expected under the null hypothesis of no
association, and the observed score was compared to this distribution. Fisher’s
exact test was used for the determination of specific HLA-amino acid associa-
tions. To investigate the determinants of transmission in the four transmitter
pairs, the median frequencies of transmitted and nontransmitted donor group
epitope sequences were compared using the nonparametric Wilcoxon matched
pairs test.

RESULTS

At the population level, HIV-1 retains a signature pattern of
polymorphic variation. The HIV-1 reverse transcriptase (RT)
gene (amino acids [aa] 1 to 250) was sequenced from drug-
naı̈ve patients infected with HIV-1 subtype B strains in the
acute (n � 101) and chronic (n � 62) London cohorts. The
chronically infected European cohort (n � 128) (10) was se-
quenced in RT (amino acids 1 to 250) and typed for HLA class
I. To maintain consistency across our experimental cohorts,
amino acid variants were defined with reference to the HIV-1
subtype B reference strain, HXB2. Variant frequency at each
site in the HIV-1 RT gene is shown in Fig. 1a and b for subtype
B HIV-1-infected chronic and acute patients from the London
cohort, respectively. Figure 1c shows the difference in the pro-
portions of polymorphisms prevalent in the two populations.
This figure reveals only two RT amino acid sites (aa 162 and aa
245) at which the proportion of variants in the chronic cohort
varied significantly from that in the acute population. The
graphical result of Fig. 1 is supported by statistical analysis.
Using correlation coefficients, we found the frequency of
amino acid variants in the two London cohorts (acute and
chronic) to be very similar (Fig. 2a) (r � 0.680; P � 0.0001). On
further comparison with chronically infected patients from the
European cohort, these correlations remained statistically sig-
nificant for both the acute and chronic cohorts from London
(r � 0.74 and P � 0.0001 [acute]; r � 0.69 and P � 0.0001
[chronic]) (data not shown).

These figures might merely demonstrate those amino acid
sites within HIV-1 which are less structurally conserved. Evi-
dence for statistically significant associations between specific
HLA class I alleles and up to half of the polymorphic amino
acids in RT (21) is suggestive that this conserved signature of
HIV-1 variability may be the result of immune-mediated se-
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FIG. 1. Population-level distribution of amino acid variation in RT in two patient cohorts. Variant frequency in the HIV-1 RT gene (amino acids
1 to 250) across a population of 62 drug-naı̈ve chronically infected patients with subtype B HIV-1 recruited at St. Mary’s Hospital, London (a) and
a population of 101 individuals sampled shortly after infection recruited at St. Mary’s Hospital, London (b). (c) Differences in polymorphism
frequencies for the HIV-1 RT gene in acute and chronic patients. *, site at which the difference in proportions is statistically significant.
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lection pressure. To exclude sites which might be polymorphic
secondary to replicative plasticity rather than selection pres-
sure, we focused on the 12 amino acids in RT for which the
strongest associations with HLA class I, and thereby CTL
selection pressure, have been reported following correction for
multiple comparisons (21) (see Table S1 in the supplemental
material). In these analyses the frequency of amino acid vari-
ants in the two London cohorts (acute and chronic) remained
highly similar (r � 0.88; P � 0.0007) (Fig. 2b). It has been
previously shown that HIV-1 env variants that have escaped
antibody neutralization are selected against at transmission
(8). Our data suggest that variants from an HIV-1 internal
protein are transmitted without limiting selection.

Furthermore, one can also model the impact of HLA on the
viral population by correcting for attributable mutations, ac-
cording to reported odds ratios (ORs) (21). We adjusted the
prevalence of the 12 sites in RT most strongly correlated with
HLA class I to reflect an absence of selection (i.e., if the
variability at these sites was random). We found that at the 12
tested sites, 15 out of 129 mutations (13%; 95% confidence
interval, 7% to 18%) could be attributed to HLA class I asso-
ciations. If we assumed an absence of HLA-mediated influ-
ence, the removal of these polymorphisms in chronic infection
resulted in a significant reduction in the global number of

polymorphisms at these sites (P � 0.03 by Fisher’s exact test),
although not at the individual amino acids. The polymorphism
distributions in acute and chronic infections were highly similar
prior to this correction and, if the polymorphism distribution in
acute infection can be shown to be random (i.e., no associa-
tions with HLA class I), then the HIV-1 signature evident in
chronic infection is contributed to by HLA-induced selection
pressure.

In acute HIV-1 infection, the statistical associations be-
tween viral polymorphisms and HLA class I molecules are
lost. We, therefore, investigated polymorphisms in the acute
seroconverters to see if associations with HLA class I mole-
cules were present. The similarity between the frequency of
HLA class I-adapted variants in the acute and chronic cohorts
could reflect either the result of de novo adaptation of the virus
to HLA in seroconverters or, alternatively, passive transmis-
sion of the HLA restriction pattern of the donor population. In
the former case, associations between variation at a particular
site and expression of a particular HLA class I allele in the
recipient would be present in our acute infection cohort. To
test this possibility, we again focused on the 12 amino acid-
HLA class I associations in RT that have been identified in
chronic infection (see Table S1 in the supplemental material)
(21). For each acutely infected patient, we counted the number
of times a variant was observed in association with expression
of the appropriate HLA class I allele. We then summed the
number of these observed associations for all individuals in the
cohort to provide our test statistic, or score. For example, if
each of the 12 associations was identified twice in the entire
cohort, this would give a score of 2 � 12, or 24. The expected
distribution of scores if there were no association between
amino acid variation and HLA was estimated by randomly
assigning the HLA allelic profiles of cases to the sequences in
our data set and then recalculating the score. This process was
repeated 19,999 times, creating a null distribution with a mean
of 42.4, a standard deviation of 4.6, and an approximately
Gaussian distribution (Fig. 3). The observed score for the
seroconverter cohort was 46 (P � 0.38 for a two-tailed test).
This analysis provides no evidence for a significant association
between amino acid variation at these 12 selected sites and the
HLA class I alleles expressed in acutely infected patients. This
contrasts with the strong association that has been reported
between HLA types and RT variation in chronically infected
patients (21). If HLA associations of the strength reported in
these chronically infected patients were present in our acute
cohort, we would expect a score of 82.7, significantly different
from the mean of the null distribution and the observed score
of 46 (P � 0.0001). From this result, we conclude that the
presence of HIV-1 variants in acute infection is not the result
of de novo adaptation to the HLA alleles expressed by the new
host.

We looked for previously reported HLA class I -RT amino
acid associations to see if they could be identified in either
cohort. In the acutely infected cohort, only 1 of the 12 reported
associations was present. This was at codon 135 at the carboxy
terminal of the TAFTIPSI epitope (OR, 15.3; P � 0.001)
restricted by HLA-B51, a known escape mutation (27). We
then analyzed the European cohort of subtype B chronically
infected patients to identify the number of associations that
could be identified at this stage of infection and found that 3 of

FIG. 2. Analyses of variant frequencies in acute versus chronic
patients using Spearman’s nonparametric correlation coefficient for all
polymorphic sites in RT (a) or only sites at which variation is associated
with the presence of the restricting HLA class I allele (b). Correlations
are shown between acute seroconverters from St. Mary’s Hospital and
chronically infected patients from St. Mary’s Hospital.
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12 were statistically significant, suggesting progressive adapta-
tion to the new hosts over time (see Table S2 in the supple-
mental material). These were, again, in TAFTIPSI (OR, 20.7;
P � 0.001) but also at codon 166 at the carboxy terminal in the
A11-restricted epitope AIFQSSMTK (OR, 23.3; P � 0.001)
and at amino acid position 7 of the B*07-restricted SPAIF
QSSM (OR, 3.5; P � 0.027).

To examine this further we looked for variation in the 25
optimal epitopes previously documented in the fragment of the
HIV-1 RT protein for which we had data (amino acids 29 to
225) (www.hiv.lanl.gov/content/immunology/maps/maps/html;
see also Table S2 in the supplemental material). The second
amino acid (position 2) and the carboxy-terminal amino acid
are usually key to epitope binding in the HLA class I groove,
and mutations at these sites frequently enable immune escape.
We concentrated on these positions but also on any other
intraepitopic sites at which there was significant variation. This
analysis revealed four additional HLA class-amino acid asso-
ciations (see Table S2). One of these was at the carboxy ter-
minus of the HLA B*44-restricted EELRQHLLR epitope (aa
203 to 211). Interestingly, this association was only present in
conjunction with HLA B*4403 and not other B*44 alleles.
Three other associations at other amino acid sites were iden-
tified in the B*51-restricted epitope EI9 (aa 42 to 50), the
B*35-restricted epitope VY10 (aa 118 to 127), and the B58-
restricted epitope KL10 (aa 201 to 210) (see Table S2 in the
supplemental material). Although these data support the pre-
viously published assertion that HLA class I is contributing to

HIV-1 adaptation within human hosts, the extent of this selec-
tion appears less than that predicted from earlier reports (21).

In summary, the analysis of the population-level data in the
acute and chronic cohorts suggests that transmission of HLA
class I-restricted T-cell antigens is passive. In addition, statis-
tical associations of HLA class I with specific viral polymor-
phisms are predominantly lost at acute seroconversion but
become apparent in patients with chronic HIV-1 infection.

Viral diversity is decreased following transmission. To ex-
amine the passive transmission of HIV-1 internal protein vari-
ants at greater resolution, we studied four HIV-1-infected
transmitter pairs. In these four pairs, virus samples were ob-
tained from both donor and recipient within 2 to 6 weeks
(mean, 3.8 weeks) of the time when acute infection was diag-
nosed in the index case. HIV-1 virion RNA encoding gag, pol,
and nef was reverse transcribed, amplified, cloned, and se-
quenced. To compare the viruses circulating in each individual,
a neighbor-joining tree was constructed using gag p24 nucleo-
tide sequences (Fig. 4a). Reference sequences from the HIV
Sequence Database (www.hiv.lanl.gov) were included for com-
parison. For subtype B, these reference sequences were se-
lected from patients sampled in London between 1993 and
2003 and closely represent the genetic diversity prevalent in
our study population. For subtype A, reference sequences were
obtained from the Los Alamos HIV-1 Subtype Reference
Alignments Database. For pair 1 the transmitted virus clus-
tered with subtype A sequences, whereas for pairs 2, 3, and 4
the sequences conformed to subtype B. The close similarity

FIG. 3. HLA class I-independent variation in acutely infected patients. For each site known to adapt to the class I-restricted CTL response (see
Table S1 in the supplemental material), the number of times a variant was observed in association with an HLA allele known to direct variation
at that site was counted. The observed score for the seroconverter cohort was 46. Patient sequences were then randomly assigned to different HLA
class I alleles expressed in the seroconverter cohort. Repetition of this process generated the null distribution of scores expected if the amino acid
variants expressed by an infecting virus were unrelated to the HLA type of the patient. The mean for the null distribution was 42.4. The expected
score for a cohort of previously described chronically infected patients (calculated using published odds ratios) (21) is 82.7, which is significantly
different from the null distribution (P � 0.0001).
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between the virus circulating in the peripheral blood of each
pair, relative to the database sequences and virus in other
pairs, confirms the authenticity of the transmission pairs. Com-
pared to each donor, shorter branch lengths leading to the
recipient sequences illustrate a substantial loss of diversity
(P � 0.0001, paired two-sample t test), consistent with a ge-
netic bottleneck at the time of transmission. The average re-
duction in nucleotide diversity, determined from the number
of substitutions per site, was 81.3% for gag p17, 71.2% for gag
p24, and 91.0% for nef (see Table S3 in the supplemental
material).

HIV-1 variation in the recipient closely resembles that in the
donor. We then concentrated on a single HIV-1 gene, gag p24,
which contains many CTL epitopes, to identify the extent to
which this bottleneck influenced the transmission of polymor-
phic variants from donor to new host. Graphical representa-
tion of amino acid variants encoded by gag p24 in viral clones
from individual patients reveals a characteristic and idiosyn-
cratic pattern for each virus (Fig. 4b). Transmission of these
viral amino acid polymorphisms is illustrated by close similarity
of the pattern of variant sites expressed in the donor and
recipient of each pair. In individuals the gag gene variants that

FIG. 4. (a) Neighbor-joining phylogenetic tree of gag p24 nucleotide sequences from donor-recipient pairs, assuming the HKY85 model of
nucleotide substitution. Sequences were 843 bp long. The number of sequences for each patient was as follows: D1, 48; R1, 43; D2, 19; R2, 14; D3,
29; R3, 25; D4, 38; R4, 27. Subtype A and B reference sequences were obtained from the HIV Sequence Database (www.hiv.lanl.gov). Horizontal
branch lengths are drawn to scale. Divergence is the number of substitutions per site, expressed as a percentage. (b) Retention of HIV-1 amino
acid variants during sexual transmission. gag p24 from four donor-recipient pairs is shown. The variant frequency (proportion of amino acids at
a particular site that differ from the subtype consensus sequence) is plotted on the vertical axis. Different-colored bars represent different amino
acids at a given site. The horizontal axis represents the linear amino acid sequence from position 1 to 278. Regions of gag p24 restricted by the
HLA alleles expressed in the infected patient are marked by red bars.
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successfully propagate a new infection closely resemble those
prevailing in the donor and are characteristic of each episode
of transmission. This idiosyncrasy at the individual level is
notable in view of the conserved population-level distribution
of polymorphisms in different cohorts (Fig. 1).

Transmission of viral variants in HIV-1 internal proteins is
frequency dependent with no evidence for selection. To inves-
tigate more closely the determinants of transmission in HIV-1
internal proteins, we focused on CTL antigens restricted by the
HLA class I alleles of each donor. For each polymorphic site
within known CTL epitopes in the HIV-1 gag, pol, and nef
genes, variant frequency in the donor close to the time of
transmission was plotted against whether the variant was trans-
mitted (as judged by detection in the recipient). We found that
transmission of a variant was dependent on its frequency in the
donor (P � 0.0001, two-tailed Mann-Whitney test; n � 53)
with high-frequency variants being more likely to be transmit-
ted (Fig. 5).

Variant CTL epitopes may have associated fitness costs (11,
18, 24, 30), which may reduce their chances of transmission. To
assess further whether CTL escape has an influence on trans-
mission, the immunological properties of HLA class I-re-
stricted epitopes were characterized. At 20 epitopes identified
in three of the transmitter pairs, 41 variants were immunolog-
ically characterized; 34 of these were classified as having es-
cape properties (20). Immune escape was defined according to
loss of binding affinity of peptide variants to HLA class I, using
a fluorescent binding assay (15), or reduction in IFN-� pro-
duction in an ELISPOT assay. We found that when only es-
cape variants were analyzed, their frequency in the donor was
the main determinant of transmission (P � 0.0001, two-tailed
Mann-Whitney test). This analysis might be biased by the in-
evitable transmission of variants that had reached fixation in
the donor. It was, therefore, repeated using a more stringent
approach, selecting only escape variants that had not reached
fixation (n � 24). In this analysis, transmission remained de-
pendent on donor frequency (P � 0.0029, two-tailed Mann-
Whitney test). This finding of frequency-dependent transmis-
sion indicates that any coexisting selection is insufficient to
impede transmission of the majority of epitope variants from
immunogenic proteins, such as HIV-1 Gag, Pol, and Nef.

DISCUSSION

Adaptation of HIV-1 to the CTL immune response is doc-
umented at both individual and population levels. Whether
this adaptation is likely to impact on viral evolution is depen-
dent on whether mutants are transmitted and their fate fol-
lowing transmission. It is known that Env variants that escape
humoral neutralization are selected against at transmission (8).
Although transmission of CTL escape has been reported in
individuals at specific well-characterized epitopes, this has not
been investigated in populations, a prerequisite to understand-
ing the full impact of CTL escape on HIV-1 evolution and
antigenic variation.

In a large survey we identified a pattern of polymorphic
variation which was conserved across different patient cohorts
and, specifically, at sites associated with CTL selection pres-
sure. This polymorphic signature is more than a reflection of
functional constraint. This is supported by the contrasting id-
iosyncratic distribution of polymorphisms within infected indi-
viduals, the loss of similarity between acute and chronic pat-
terns on eliminating known HLA class I-associated sites in the
latter, and the previously reported finding of a high proportion
of sites in RT under HLA-driven selection pressure (21).

We found that the frequency of variants present in acutely
infected patients was closely correlated with that in chronic
patients but that the reported statistical associations of variant
sites with particular HLA alleles was absent. These data sug-
gest that the majority of variants observed in the acutely in-
fected patients were transmitted by the donor and were un-
likely to have arisen de novo as a result of selection pressure in
the new host.

Nevertheless, the rate at which new viral adaptation takes
place at different loci is unlikely to be uniform but will reflect
sites where selection pressures are strongest. The presence, in
acute infection, of the strong association between HLA-B51
and RT amino acid 135 suggests that CTL-induced selection
pressure is acting on at least one intraepitope site. This amino
acid lies at the C-terminal end of the TAFTIPSI epitope, which
is a recognized site for escape mutation (27). A limitation of
this statistical approach is that this strong signal in acute in-
fection could also be the result of rapid reversion to wild type
in non-HLA-B51 patients, as well as reflecting early escape.
Such early emergence of immune escape is comparable with
the speed with which simian immunodeficiency virus can adapt
to major histocompatibility complex class I in macaques, where
new escape variants have been detected within 4 weeks of
infection (3). Although the differential rate of reversion of
transmitted escape mutations due to fitness costs has not yet
been fully defined, rapid reversion has been observed (11, 18).

We identified a number of amino acid polymorphisms in
known epitopes at which variation was associated with the
restricting HLA class I molecule. However, we might have
expected to find a greater number of reported associations in
our chronic cohort. This might be because our cohort is smaller
(n � 128 versus n � 473) and, although we could test previ-
ously reported sites, we were not powered to screen the HIV-1
genome for new HLA class I associations. In addition, we
assumed that the distribution of HLA class I molecules among
HIV-infected individuals in Perth—where the original study

FIG. 5. Frequency-dependent transmission of HLA class I anti-
genic variants, as shown by donor frequencies of transmission of all
intraepitope, polymorphic sites. The median frequencies for the trans-
mitted and nontransmitted variants are shown and were found to be
significantly different (P � 0.0001, two-tailed Mann-Whitney test).
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(21) was carried out—and London would be similar, and this is
not certain.

From our observations of four episodes of sexual transmis-
sion in homosexual men, in which samples were available in all
parties close to the time of infection, we found the successful
transfer of CTL epitope variants was dependent on their fre-
quency in the donor. Cytotoxic T-lymphocyte escape may im-
pair viral replicative fitness (11, 18); however, when a broad
spectrum of variants was analyzed we saw no evidence these
viruses have diminished capacity for transmission. This con-
trasts with drug resistance mutations, which may also reduce
the replicative capacity of HIV-1 but appear to be less likely to
be transmitted (6, 17, 28).

We conclude that during the transmission of HLA class
I-restricted antigens derived from immunogenic internal viral
proteins, dominant variants present in the donor are able to
establish infection in the recipient. This has important impli-
cations for viral pathogenesis, as many of the transmitted vari-
ants will encode CTL escape properties. This study has only
looked at the variability of the transmitted virus. The fate of
transmitted variants and the extent to which mutants revert
following transmission are preserved or are acquired de novo
in response to the new host will determine the significance of
the passive transmission of internal protein variants. In HIV-
infected populations the characteristic signature pattern of
amino acid variation in RT is remarkably stable, but each
infected individual selects an idiosyncratic pattern of variants.
This variability constitutes the viral “challenge” to which naı̈ve
partners are exposed and places an enormous burden on any
protective vaccine.
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