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Studies on human immunodeficiency virus type 1 (HIV-1) diversity are critical for understanding viral
pathogenesis and the emergence of immune escape variants and for design of vaccine strategies. To investigate
HIV-1 population genetics, we used single-genome sequencing to obtain pro-pol and env sequences from
longitudinal samples (n = 93) from 14 acutely or recently infected patients. The first available sample after
infection for 12/14 patients revealed HIV-1 populations with low genetic diversity, consistent with transmission
or outgrowth of a single variant. In contrast, two patients showed high diversity and coexistence of distinct
virus populations in samples collected days after a nonreactive enzyme-linked immunosorbent assay or
indeterminate Western blot, consistent with transmission or outgrowth of multiple variants. Comparison of PR
and RT sequences from the first sample for all patients with the consensus subgroup B sequence revealed that
nearly all nonsynonymous differences were confined to identified cytotoxic T-lymphocyte (CTL) epitopes. For
HLA-typed patients, mutations compared to the consensus in transmitted variants were found in epitopes that
would not be recognized by the patient’s major histocompatibility complex type. Reversion of transmitted
mutations was rarely seen over the study interval (up to 5 years). These data indicate that acute subtype B
HIV-1 infection usually results from transmission or outgrowth of single viral variants carrying mutations in
CTL epitopes that were selected prior to transmission either in the donor or in a previous donor and that
reversion of these mutations can be very slow. These results have important implications for vaccine strategies

because they imply that some HLA alleles could be compromised in newly acquired HIV infections.

Human immunodeficiency virus (HIV) diversity in vivo con-
tributes to immune escape, viral persistence, antiviral drug
resistance, and pathogenesis. Characterizing this diversity over
the early months and years of infection is therefore fundamen-
tal to the development of effective therapeutic and vaccine
strategies. HIV populations in the acute infection stage have
been described as being either mostly homogeneous, resulting
from the productive transmission or outgrowth of a single viral
variant (8, 12, 18, 27, 31, 33, 34, 37, 38), or heterogeneous,
resulting from the productive transmission or outgrowth of
multiple variants (18, 31, 33). A recent study characterized
both genotypic and phenotypic traits of transmitted env vari-
ants, finding that about 80% of patients with acute infection
carry homogeneous populations, while 20% carry two or more
env variants (18). It was also found that Env proteins in acute
HIV infection are highly fusogenic, likely resulting in their
efficient transmission (18). Factors that influence the transmis-
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sion or outgrowth of single versus multiple HIV variants have
not been elucidated. Studies are also needed to determine the
impact that single versus multiple variant transmissions have
on HIV diversification, immune escape, and disease pathogen-
esis. To date, it is unknown if additional similarities (genetic or
otherwise) exist in newly HIV-infected patients or what impact
the specific transmitted strains may have on diversification,
divergence, and adaptation to a new host. Understanding the
factors that influence HIV transmission and evolution will aid
in determining mechanisms in viral pathogenesis, establish-
ment of the latent reservoir, and emergence of drug resistance.

Viral diversity in vivo is strongly influenced by natural selec-
tion, especially by pressures imposed by our immune systems.
Both antibody- and cytotoxic-T-cell (CTL)-mediated immune
selection has been shown to induce escape mutations, influ-
encing viral evolution and contributing to persistence (1, 4, 7,
9, 13-16, 20-23, 32, 36). However, there are conflicting data on
the transmission and reversion of CTL-selected mutations in
early infection. A number of studies have demonstrated rapid
reversion of mutations in CTL epitopes after transmission to a
new host (3, 11, 22), whereas other studies show evidence of
CTL imprinting or persistence of CTL epitope mutations after
transmission (13, 14, 20, 32). These studies have been limited
by either the number of patients and/or samples observed, the
methods used to detect mutations, or the gene fragment ana-
lyzed. Further studies are required to determine the role that
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TABLE 1. Characteristics of patients in study
Date of seroconversion Duration of
Patient ID  Sex® Risk? Age (yr) (mo/daylyr) (days since Observation period infection No. of HLA type
last negative ELISA davs)® samples P
or WB) (days)

3021 M Heterosexual 36 11/26/98 (47) 8/4/99-10/28/03 249 9 A01 and 23, B35 and 44
3024 F Heterosexual 56 6/10/99 (10) 6/28/99-8/27/02 18 6 A68, B52 and 53
3036 M Heterosexual 37 7/5/99 (126) 1/4/00-3/13/01 179 4 A02 and 11, B18 and 35
30374 M MSM 36 9/12/99 (98) 5/17/00-11/13/02 235 5 Unknown
3041 F IDU 36 2/23/00 (14) 5/31/00-11/20/02 98 7 A03 and 29, B18 and 44
3062 M MSM 38 6/10/00 (132) 1/25/01-10/22/03 225 5 All and 29, B35 and 44
3077 M Heterosexual 34 3/20/01 (28) 8/21/01-5/15/03 151 9 A02 and 03, B41 and 42
3088 M MSM 25 8/13/01 (3) 2/26/02-2/26/03 163 8 Unknown
1001° M MSM 30 3/2/00 (7) 3/9/00-7/25/00 7 2 A03 and 24, B35 and 40
1002° M MSM 30 8/28/02 (8) 8/28/02-6/11/03 0 8 Unknown
1003° M MSM 38 10/23/01 (13) 10/23/01-2/20/02 0 6 Unknown
1004° M MSM 38 7/8/98 (0) 7/1/98-11/2/99 0 9 Unknown
1005° M MSM 28 2/1/01 (9) 2/1/01-7/8/04 0 7 Unknown
1006° M MSM 36 6/1/01 (14) 6/1/01-2/27/02 0 7 Unknown

¢ Patient samples from Johns Hopkins University.

® Patient samples from UCLA.

¢ M, male; F, female.

4 MSM, men who have sex with men; IDU, intravenous drug user.

¢ Approximate duration of infection at first sampling, based on the day of seroconversion.

the immune system has in influencing the transmission of spe-
cific HIV variants, virus diversification after transmission to a
new host, and global diversity of HIV.

In the present study, we used single-genome sequencing
(SGS) to characterize viral diversity in longitudinal samples
from treatment-naive individuals with acute or early HIV type
1 (HIV-1) infection. Using SGS rather than cloning to study
viral genetics eliminates the effects of PCR-based recombina-
tion and also eliminates template resampling, leading to more
accurate phylogenetic analyses and measurements of diversity
and divergence (29, 34). Our results show that population
structure and diversification vary in early HI'V infection among
patients infected with single and multiple variants. However, in
all patients studied, transmitted variants of HIV carried CTL
epitope-associated mutations in protease (PR) or reverse
transcriptase (RT) relative to the consensus subtype B virus.
These mutations persisted for years, even at CTL epitopes that
were not recognized by the new host’s major histocompatibility
complex (MHC). The persistence of these CTL mutations was
concurrent with the selection of new escape mutations in
epitopes recognized by the recipient’s MHC. We demonstrate
here that HIV variants carrying mutations at CTL epitopes are
readily transmitted between hosts and that regardless of
whether infection resulted from the transmission of a single
variant or multiple variants, these mutations in PR or RT are
not likely to revert quickly.

(This work was done in partial fulfillment of thesis require-
ments for M. Kearney.)

MATERIALS AND METHODS

Clinical specimens. Plasma samples (n = 93) from 14 patients with acute or
recent HIV-1 subtype B infection (estimated date of seroconversion, 0 to 5
months prior to the first sample being obtained) were studied. All patients were
naive to antiretroviral therapy. Samples from six patients (patients 1001 to 1006)
were obtained from the Acute HIV and Early Disease Research Program
(AIEDRP) at the Los Angeles Biomedical Research Institute, Torrance, CA
(Table 1). The last negative enzyme-linked immunosorbent assay (ELISA) or
Western blot for these patients was less than 1 month before the first sample

analyzed for this group (Table 1). Samples were obtained frequently postsero-
conversion (daily, biweekly, or weekly), followed by approximately monthly sam-
pling for up to several years after infection. Samples from the other eight patients
(subjects 3021, 3024, 3036, 3037, 3041, 3062, 3077, and 3088) were obtained from
the ATIEDRP at Johns Hopkins University, Baltimore, MD (Table 1). The last
nonreactive ELISA screening for these patients was within 5 months of the first
positive sample. Two to six samples were collected each year after early HIV
infection (<1 year postseroconversion) through the first several years of infec-
tion. All studies were approved by the institutional review board of NIAID, NIH,
Bethesda, MD, and all study subjects provided written informed consent. Con-
sent for HLA typing was obtained from 7 of 14 patients (Table 1).

SGS and analysis of data. Viral RNAs were extracted from plasma samples,
and SGS of the approximately 1.2-kb p6, protease, and RT (p6-rt) fragment was
performed as previously described (17). In addition, single genome sequences
from an approximately 1-kb fragment of gp720, including the V1-V2 and V3
regions, were also obtained from a subset of samples (n = 73). The SGS protocol
was conducted as previously described, except using envelope (env) primers E20
and E115 for PCR and E30 and E125 for nested PCR (see the supplemental
material) (35). Five to 94 single genome sequences were obtained from each
plasma sample (mean = 36). In total, we obtained 3,340 sequences from 14
patients. Data resulting from low-quality electropherograms and multiple se-
quences were eliminated by an automated quality control step prior to the
generation of contigs. Contigs were required to have sequence reads in two
directions to be included in the automated alignment process. Sequence align-
ments were obtained using Clustal W and additionally edited by hand when
needed. Envelope sequences were first translated and amino acid sequences were
aligned to ensure that no frameshift differences were included in the V1-V2
region. Phylogenetic analyses to determine population structure were performed
using a neighbor-joining P distance method in MEGA3 (http:/www
.megasoftware.net). Analyses of synonymous versus nonsynonymous mutations
relative to the HIV-1 consensus B reference sequence (http://hivdb.stanford.edu)
were performed using an in-house software program and Highlighter (http://www
.hiv.lanl.gov/content/sequence/HIGHLIGHT/highlighter.html). Sequences from
the most recent common ancestors (MRCA) were determined phylogenetically
using a maximum likelihood method in PAUP. Measurements of diversity (av-
erage pairwise distance) and divergence were calculated using MEGA4. CTL
epitopes and mutations in PR, RT, and Env were determined based on the
sequence and immunology databases from Los Alamos (http://www.hiv.lanl.gov
/content/index). Insertions in patient sequences compared to the consensus sub-
group B sequence were deleted for mutational analyses. CD4* T-cell slopes were
determined using linear regression of 4 to 29 measurements of CD4™ T cells/pl
plasma (see Fig. 4) over the observation period for each patient (4 to 59 months).
The statistical correlation between the frequency of transmitted CTL-associated
mutations and CD4" T-cell slopes was determined using a nonparametric cor-
relation (Spearman r) test with no Gaussian assumptions.
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FIG. 1. HIV-1 p6-rt diversity in acute and early infections. (a) Population structure and diversity (measured as percent APD per site) of the
poO-rt region in single genome sequences. Sequences obtained from the first available plasma sample postseroconversion from all 14 patients are
shown on a schematic neighbor-joining phylogenetic tree rooted on the HIV-1 consensus B sequence. (b) Population structure in acute infection
after single-variant transmission. A neighbor-joining phylogenetic tree was constructed for the p6-rt fragment from the first available plasma sample
from one single-variant-infected patient (1004). (c) Population structure in acute infection after multiple-variant transmission. A neighbor-joining
phylogenetic tree was constructed for the p6-rt fragment from the first available plasma samples from the two multiple-variant-infected patients,

1003 and 1005.

RESULTS

Population structure and diversity in acute and early HIV
infections. To assess viral characteristics in acute and early
HIV-1 infection (<1 year after transmission), we analyzed and
compared single genome sequences obtained for gag-pro-pol
(p6-rt) and env from the first available plasma sample for 14
recently infected patients (Table 1). Figure 1a shows the phy-
logenetic structure and diversity, measured as percent average
pairwise distance (APD), of the p6-rt fragment in the earliest
available sample for each patient. Sequences from 12 of 14
patients formed independent populations on the phylogenetic
tree, with no intermingling of sequences (Fig. 1a), demonstrat-
ing that the viruses found in these patients were genetically
distinct. The viruses in these 12 patients had simple population
structures (an example is shown in Fig. 1b) and low diversity
(0.02 to 0.67% in p6-rt and 0.05% to 0.9% in env [not shown]),
with many sequences being identical. These data are consistent
with infection having been seeded by or growing out of a single
HIV variant. Two of the 14 patients (1003 and 1005) had

viruses in acute infection (9 and 13 days after nonreactive
ELISA or indeterminate Western blot) with intermingling se-
quences in the phylogenetic tree (Fig. 1a and c), indicating that
these patients either were a donor-recipient pair or had a
common donor. The viruses in these patients also exhibited
high diversity and complex population structures (Fig. 1c) in
the p6-rt fragment (1.9% in patient 1003 and 1.0% in patient
1005) (Fig. 1a) and in env (5.4% and 2.0%, respectively) (not
shown), consistent with transmission of multiple HIV variants
from the same diverse population.

Cross-sectional study of diversity in acute and early HIV
infections. A cross-sectional analysis of diversity versus time
since seroconversion with the first available samples from the
12 patients likely to have been infected by the transmission and
expansion of single viral variants (Fig. 2) revealed a linear
relationship (Fig. 2) between the time of the first sample tested
(0 to 9 months postseroconversion) and the APD, with a slope
of 0.002%/day, extrapolating back to the clonal virus (APD =
0) at about 18 days prior to seroconversion (not shown). The
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FIG. 2. Diversity of single genome sequences obtained from the
first available plasma samples for all 14 patients. APD values for the
first available samples from single-variant-infected patients are shown
with circles, and those for multiple-variant-infected patients are shown
with diamonds. Neutral accumulation of diversity predicted from the
estimated mutation rate of HIV-1 (assumed to be 3 X 10~ mutation
per base per replication cycle and 1 replication cycle per day) is also
shown.

accumulation of diversity determined in this analysis was some-
what slower than that expected from the theoretical mutation
rate (0.006%/day), perhaps reflecting purifying selection pres-
sure in early infection in vivo. Alternatively, the replication
cycle time may be greater than the rate of 1 cycle/day used in
this estimate. The APDs of the virus populations in the first
sample tested from each of the two patients infected with
multiple viral variants (1003 and 1005) were significant outliers
in this cross-sectional analysis (Fig. 2). The viruses in these
patients exhibited high diversity, far outside the range of the
expected mutation accumulation rate for HIV (Fig. 2), again
consistent with transmission of multiple variants.

CTL epitope-associated mutations in acute and early HIV
infections. We sought to identify genetic similarities among
virus populations in acute and early HIV infections. For this
purpose, we analyzed synonymous and nonsynonymous muta-
tions compared to the wild-type consensus B sequence (http:
//hivdb.stanford.edu) as well as to the phylogenetically deter-
mined MRCA of the combined patient sequences (nearly
identical to the consensus B sequence). A summary of the pro
sequence comparisons for the earliest time points for all pa-
tients (Fig. 3) reveals a striking pattern: over 95% (72/75 dif-
ferences) of nonsynonymous differences formed the clusters
shown in Fig. 3 (shaded regions), encompassing about half of
the protein, whereas only about one-half (22/45 differences) of
the synonymous differences were in the same regions. Further
examination (Fig. 4 and 5) revealed that these variable regions
in PR as well as similar regions in RT (see Fig. S2 in the
supplemental material) corresponded to predicted CTL
epitopes (19) in these genes. The same pattern was seen for
patients infected with single (Fig. 4a and 5; see Fig. S1 in the
supplemental material) or multiple (Fig. 4b; see Fig. S1 and S2
in the supplemental material) variants. Most mutations found
within CTL epitopes were at anchor residues or within the
proximal three amino acids, primary locations for diminishing
antigen presentation (5, 26). In contrast, synonymous differ-

J. VIROL.

ences were distributed randomly across the sequence, with no
obvious relationship to CTL epitopes (Fig. 3, green bars).

Among individuals infected with a single variant and where
a sample was available within 5 months of seroconversion,
most CTL-associated mutations in the first available samples
were found in 100% of sequences obtained by SGS (Fig. 4a and
¢, maroon bars; see Fig. S1 and S2 in the supplemental mate-
rial), consistent with the initial homogeneity of the virus pop-
ulation. In contrast, the virus populations in acute infections
after transmission of multiple HIV variants consisted of dom-
inant populations with mutations in CTL epitopes and minor-
ity populations that were wild type (matching the consensus B
sequence) at several of the same residues. For example, the
dominant population in patient 1003 carried CTL-associated
mutations in 80% of the genomes obtained (Fig. 4b, maroon
bars), while a minority population (20% of genomes) was wild
type in the same epitopes in PR (Fig. 4b). Thus, sequence
heterogeneity observed in acute infection after transmission of
multiple HIV variants was due in part to amino acid differ-
ences in CTL epitopes among the transmitted variants. Diver-
sity in env in patients infected with multiple variants was not as
apparently related to mutations in CTL epitopes as that in PR
and RT but was due primarily to insertions and deletions in the
V1 and V2 regions and to amino acid substitutions in the V3
loop (data not shown).

Persistence of CTL epitope-associated mutations in longi-
tudinal samples. It has been proposed that mutations in HIV-1
that lead to escape from CTLs are somewhat deleterious to the
virus in the absence of an immune response and are therefore
likely to revert to the wild type following transmission to an
individual of a different MHC type (3, 11, 22). To investigate
this issue, we analyzed nonsynonymous mutations in sequences
from longitudinal samples (up to 5 years after infection) ob-
tained from the same set of patients. Among the large number
of mutations relative to consensus subtype B present within
CTL epitopes, we found little evidence for reversion of trans-
mitted mutations in PR and RT following infection in either
single- or multiple-variant-infected patients, even in epitopes
lacking selection according to the recipient MHC type (Fig. 4
and 5; see Fig. S1 and 2 in the supplemental material). In fact,
in patient 1003, who was infected with multiple variants that
were either mutant or wild type at specific residues within CTL
epitopes, there was a loss of the wild-type populations in the
po-rt fragment over time, while the mutant population per-
sisted. This effect can be seen by the increased frequency of
these mutations in Fig. 4b (yellow bars versus maroon bars). In
contrast, all transmitted env variants persisted in patient 1003,
indicating that selection pressure upon transmitted CTL mu-
tations may not have a strong impact on Env compared to that
on PR and RT in early HIV infection. New mutations in
epitopes recognized by the patients’ MHC did emerge with
time in several individuals (Fig. 5; see Fig. S1 in the supple-
mental material), without reversion of transmitted mutations.

Superinfection. The only evidence we found for early loss of
transmitted CTL epitope mutations was in patient 1001 (Fig.
4c), who was previously reported to be superinfected 4 months
after primary infection (30). Figure 4c shows the different CTL
mutation profiles for this patient in primary infection (day 0)
and in a sample collected after superinfection (day 139) (30).
Although variants carrying CTL mutations were found in both
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FIG. 3. Synonymous and nonsynonymous differences in pro compared to consensus subtype B sequence. The Highlighter plot shows the
locations of amino acid changes (red) and synonymous mutations (green) in the pro gene relative to the consensus of the single genome sequences
obtained from the first available sample after infection for each patient in the study and compared to the consensus B sequence. The shaded areas
show the clustering of nonsynonymous changes. Locations of known CTL epitopes are shown above the plot.

transmitted strains, mutations associated with virus from the
primary infection were scarcely detectable in samples collected
after superinfection, consistent with nearly complete replace-
ment of one virus by the other. SGS showed that this patient
was initially infected with a clonal HIV-1 subtype B infection
but was subsequently superinfected with a second single vari-
ant of HIV-1 subtype B (see Fig. S3 in the supplemental
material) (39). The newly transmitted strain rapidly became
the dominant viral population, and 98 of 100 sequences ob-
tained from the first available sample after superinfection were
descendants of the secondary exposure. No virus from the
primary infection was detected in subsequent samples, even
using a very sensitive allele-specific PCR assay (30; data not
shown). Primary infection in patient 1001 was with a multi-
drug-resistant virus, while superinfection was with a virus that
has wild-type sequences at all known sites of drug resistance
(39). No recombination between the two populations was de-
tected, indicating that the drug-resistant virus was less fit than
the wild-type virus in vivo.

Impact of CTL-associated mutations on CD4 T-cell slope.
Table 2 shows the frequencies of predicted mutant and wild-
type CTL epitopes in PR and RT as well as the CD4* T-cell
slopes for all 14 patients. Although patients with the highest

frequencies of mutated CTL epitopes in PR and RT (3024,
3037, 1001, and 1003) (Table 2, sum of columns 5 and 6)
tended to have CD4" T-cell counts that dropped to below 200
during the observation period, there was no significant trend
(P = 0.12; Spearman rank correlation) relating the CD4™"
T-cell slope to the frequency of transmitted CTL mutations.
However, the two patients carrying viruses resulting from the
transmission of multiple HIV variants and the superinfected
patient all had at least one CD4" T-cell count that was <200
cells/ul over the observation period, whereas only 3 of 11
single-variant-infected patients had CD4" cell counts as low
(P = 0.0096; Spearman rank correlation), suggesting a signif-
icant correlation between infection with multiple variants and
lower CD4™ T-cell counts.

Diversification after HIV infection. In all single-variant-in-
fected patients with sufficient follow-up, the initially homoge-
neous virus populations accumulated diversity in the early
years of infection until essentially every p6-rt sequence ob-
tained from the sampled populations was unique. Accumula-
tion of genetic diversity with time is shown in Fig. 6 for the four
patients infected with single HIV variants for whom the first
available sample was collected within 3 months of the last
nonreactive ELISA (1002, 1004, 1006, and 3041) and for the
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FIG. 4. Amino acid changes in protease compared to the consensus subtype B sequence. The bar graphs show the proportions of single genome
sequences with amino acid changes at the indicated amino acid positions in pro compared to the consensus B sequence at early and late time points
after infection, with different colors representing different times after infection, as shown. Horizontal boxes above the graphs represent known CTL
epitopes in the subtype B consensus sequence. Red boxes designate CTL epitopes with probable escape mutations compared to the consensus.
Yellow boxes designate epitopes expected to be recognized by each patient’s MHC. Plots of CD4" T-cell counts as a function of time are shown
in the inset graphs. Downward arrows indicate CD4 counts of <200. (a) Typical patient (3024) infected with a single variant; (b) patient (1003)
infected with multiple variants; (c) patient (1001) who was superinfected about 4 months after primary infection. Plots for all patients are shown

in Fig. S1 (PR) and S2 (RT) in the supplemental material.

two patients after infection with multiple variants (1003 and
1005) (note the different scales). While the p6-rt and env re-
gions analyzed tended to show similar (if sometimes erratic)
increases in diversity in the first year after transmission of a
single variant (Fig. 6, patients 1002, 1004, and 1006), leveling
off or increasing steadily after the first year, diversity in env
continued to increase erratically over the course of infection
(Fig. 6, patient 3041, and Fig. 7, patient 3024), consistent with
greater selection and tolerance of diversity in this portion of
the genome. Diversity was typically lower in p6-rt than in env
after the first year of infection (Fig. 6, patient 3041, and Fig. 7,
patient 3024). Figure 7 shows the slow accumulation of diver-
sity over the first 3 years of infection in single-variant-infected
patient 3024. In this patient, diversity increased in p6-r¢ at an
initial rate of 0.0015%/day (similar to that observed in the
cross-sectional analysis) (Fig. 1b), slowing to 0.0007%/day be-
tween 9 and 38 months. In env, diversity increased initially at a
rate of 0.0026%/day and erratically thereafter, at an average

rate of 0.002% between months 9 and 38 (Fig. 7, note the
different scales on the trees). Divergence from the initial in-
fecting virus was also plotted for patient 3024 (Fig. 7) and
followed essentially an identical pattern to that of diversifica-
tion.

Little is known about diversification in patients infected with
multiple HIV variants. Diversification after infection in the two
multiply infected patients (1003 and 1005) is shown in Fig. 6
(note the different scales). env diversity was approximately two-
to sixfold higher than p6-rt diversity both after transmission
and in longitudinal samples. In patient 1003, there was a de-
crease in diversity in p6-rt from 1.9% at seroconversion to 0.2%
only 14 days later (Fig. 6, 1003, corresponding to the loss of the
wild-type transmitted CTL epitopes in the p6-rf variants (Fig.
4b). In contrast, all transmitted viral variants in env persisted
over the same observation period, resulting in little overall
change in diversity beyond the typical variation seen in env
diversity in all patients (Fig. 6, patient 1003). In patient 1005,
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in Fig. 4 (shown in full in Fig. S1 in the supplemental material) is shown for the indicated singly infected patients. Stars indicate mutant epitopes
matching patient MHC types that were wild type in the earliest available sample after infection.

little change in diversity was seen in either p6-rt or env for more infection in this patient (1.0%). Although both multiple-vari-
than 1 year after seroconversion (Fig. 6, again note the differ- ant-infected patients had persistently high diversity in env from
ent scale), despite divergence of the population into structures acute HIV infection onward, early emergence of CXCR4 vari-
that lacked identical sequences (data not shown). However, 3 ants was not detected. Patient 1003, but not patient 1005, had
years after infection, genetic diversity increased in env, while in higher viral loads at entry and at the set point (month 3) than
p6-rt it was only slightly higher (1.3%) than that seen in acute did patients infected with single variants (Table 2).

TABLE 2. Virus loads, slopes of CD4 T-cell decline, and potential CTL escape mutations in patients in this study

No. of CTL epitopes in first available sample®

Viral load at

Viral load at entry CD4 slope Mutant CTL Sensitive CTL

Patient ID (copies/ml) (c?;igs(;ilrllf)” (cells/ul) epitopes epitopes

PR RT PR RT
3021 3,782 63,265 —0.16 1 8¢ 1 1
3024 115,721 173,550 —=0.31¢ 3¢ 8¢ 0 4
3036 40,912 61,459 —0.81 44 54 3 14
3037 47,272 82,106 —0.28°¢ 5 7 NA NA
3041 143,505 21,248 -0.07 1 4¢ 3 6
3062 34,299 19,476 —0.08¢ 24 3¢ 1 7
3077 187,982 722,926 0.3 3 44 4 12
3088 1,392,011 470,189 —0.55 2 7 NA NA
1001 300,815 136,647 —0.46° 54 107 1 2
1002 671,679 17,317 —1.21 2 4 NA NA
1003 110,000,000 453,737¢ —0.89¢ 4 8 NA NA
1004 9,347,800 67,989 —0.26 1 8 NA NA
1005 750,000 52,148 —=0.11¢ 2 4 NA NA
1006 500,000 22,876 0.46 3 6 NA NA

“ Mean viral load at 3 months postseronconversion.

? Values in bold indicate that the HLA type is known. NA, not available.
¢ CD4 count declined to <200 during the observation period.

4 Mutant CTL epitopes matched patient HLA type.

¢ Only a single sample was available at 3 months postseroconversion.
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DISCUSSION

We found that virus populations in acute and recent HIV
infections in 12 of 14 patients had low initial genetic diversity,
consistent with the transmission and/or outgrowth and dissem-
ination of a single viral variant. Consistent with this conclusion,
the slope of the best-fitting line resulting from a cross-sectional
plot of the diversity versus time postseroconversion from these
12 patients was lower than the slope predicted from the neutral
accumulation of mutations, as expected from the error rate of
HIV replication. This result suggests that higher diversity in
samples collected several months after infection is more likely
to be due to early accumulation of mutations than to transmis-
sion of multiple variants. Included among the 12 was one
patient from whom the first available sample was collected
prior to seroconversion. The virus population in this patient
was almost entirely monomorphic, supporting the conclusion
that early homogeneity does not result from a genetic bottle-
neck at seroconversion. These results are in agreement with
previous studies in which diversity was measured in env in
patients prior to seroconversion (10, 18, 25). Our studies fo-
cused primarily on the p6-r¢ fragment, as it was plausible that
early homogeneity seen in env in previous studies resulted from
selection pressures imposed on the surface proteins during
transmission. Such selection pressures are not imposed on PR
and RT, and consequently, patients might have presented with
multiple variants in p6-rt while carrying only single variants in
env. Our results show that equal numbers of variants were

present in both p6-r¢ and env, indicating that early homogeneity
results from the outgrowth of a single HIV-1 virion and not
only a specific env phenotype.

Analyses of nonsynonymous changes in single genome se-
quences compared to the consensus B sequence revealed that
all 14 patients carried viruses with CTL-associated mutations
in PR and RT in the first available sample. These mutations
probably accumulated in previous hosts in the chain of trans-
mission and are not likely to be artifacts resulting from the
phylogenetic history of the virus, as proposed to explain other
cases of apparent transmission of CTL mutations (3), for the
following reasons. First, both the MRCA and the consensus of
all the patient sequences were identical to the published con-
sensus B sequence, with the exception of position 63 in PR and
83 in RT, both of which are known to be variable in the U.S.
HIV population (19). Second, the pattern of mutations in each
patient was unique. Third, again with the exception of the
common polymorphisms at PR position 63 and RT position 83,
no single mutation was found in the initial virus for a majority
of patients. Although it is possible that some of these muta-
tions might have been selected by CTL pressure early in infec-
tion, many of them were in epitopes not recognized by the
patient’s MHC and were most likely selected somewhere along
the chain of transmission leading from the MRCA to each
individual patient studied. The majority of the mutations in
CTL epitopes were stable over the early years of infection,
even in the apparent absence of selection for escape. In fact,
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only in the case of the superinfected patient (1001), in whom
virus from the primary infection dropped to levels undetect-
able by allele-specific PCR (unpublished results), did we see
the loss of transmitted CTL epitope mutations in early HIV
infection. Furthermore, variants carrying mutations in CTL
epitopes were preferentially selected over wild-type variants in
patients infected with multiple HIV viruses from the same
donor. These data indicate that viral variants carrying CTL-
associated mutations are transmitted between hosts and that
these CTL mutations do not readily revert to the consensus
sequence in PR and RT. The lack of reversion of CTL muta-
tions in PR and RT, two highly conserved regions of the HIV-1
genome (6), indicates that for the most part, such mutations
are unlikely to strongly compromise the function of the viral
enzymes or otherwise negatively affect the overall fitness of the
virus. Consequently, although there is little net change in the
consensus subtype B sequence, the majority of the CTL-asso-
ciated mutations found in these recently infected patients are
well represented as minority components of the HIV sequence
database (19).

In this analysis, we compared each individual patient se-
quence with the consensus subgroup B sequence to investigate
variation from circulating HIV-1 subtype B strains (Table 3).
As a group, many of the sites varying from the consensus
sequence in the recently infected patients were also sites that

vary within the group itself (e.g., positions 36, 37, 63, 64, and
69). There is sufficient evidence based on the analysis of se-
quences comprising the consensus B group itself that CTL-
associated mutations are accumulating in the population as a
whole and contributing to the total diversity of HIV. However,
identical CTL mutations are not typical between patients due
to the diversity of HLA types in the population. As a result,
specific mutations are not found in the majority and so are not
represented in the overall subtype consensus B sequence.
However, there were some variant sites in the recently infected
patients that were significantly underrepresented in the con-
sensus B group. For example, mutations at positions 39, 85,
and 92 of protease were detected in the acute seroconverters,
but these positions are invariant in the consensus B group.
Similarly, the frequency of mutations at position 19 or 36 of
protease was significantly higher in acute seroconverters than
that found in the consensus B group (P < 0.0004 by chi-square
analysis). It is not clear whether recent changes in transmitted
viruses or selection following seroconversion is responsible for
these strong differences from the consensus B sequence. How-
ever, their existence indicates that, if transmitted, reversion at
these positions is likely to occur at a low rate.

Many of the CTL epitope mutations detected were found in
anchor residues or in the epitopes’ proximal three amino acids,
primary sites for decreasing antigen presentation (5, 26). In a
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TABLE 3. CTL mutations in protease
Residue in virus from patient:
Codon - Consensus 3024 3062 3021 3041 3036 3077

in PR B residue
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“ Residues in bold indicate previously defined CTL escape mutations (5, 25).
® Multiple-variant transmission or superinfection.

number of cases, there is functional evidence for CTL escape
(Table 3), and it is likely that many nonsynonymous mutations
in PR and RT that confer escape from the CTL response (26)
were selected along the transmission chain prior to infection of
the patients studied here. It is also possible that some of the
CTL mutations were retained because they conferred a fitness
advantage within the patient that was not previously known for
that HLA allele. Although the HLA types were not known for
all subjects and they were not tested for the ability to bind
particular peptides, we found clear evidence that CTL-associ-
ated mutations were retained even in epitopes that would not
likely be recognized by the patient’s MHC type. Further stud-
ies are needed to determine which transmitted PR and RT
mutations confer CTL resistance in patients with correspond-
ing HLA types, which mutations are compensatory for fitness,
and which, if any, are the result of random drift due to founder
effects (3, 28).

Transmission of CTL-associated mutations has been re-
ported in previous studies (2-4, 11, 13, 14, 20, 22-24, 32).
However, there are conflicting data on the persistence and
reversion of such mutations. Additionally, previous studies
have been cross-sectional analyses, focused primarily on gag,
env, or nef, or were based on findings for simian immunodefi-
ciency virus rather than HIV. Only two studies have included
longitudinal samples and pro-pol sequences in early infection.
One was limited by the number of patients (n = 1) (24), and

the other was limited by the method used (sequencing of
genomic DNA) (23). To our knowledge, this is the most com-
plete study of population structure, viral characteristics, in-
cluding the transmission and persistence of CTL-associated
mutations across several genes, and diversification in individ-
uals infected with both single and multiple variants. Addition-
ally, this study is the first to fully characterize the genetic
profiles and diversity of PR and RT in frequent longitudinal
samples spanning early HIV-1 infection. Our results show that
although transmission of single HIV variants carrying CTL-
associated mutations is most common, transmission of multiple
variants from the same donor is not rare (2 of 14 patients) and
results in high diversity, complex population structures, and
different CTL profiles in acute infection. Similar frequencies of
multiple transmission (4/12 sequences) were reported for a set
of env sequences from Zambian patients recently infected by
heterosexual contact with subgroup C HIV (34) and for a large
cross-sectional set of subtype B env sequences studied by Keele
et al. (18). Comparison of these studies supports the generality
of the observation across subtypes, genes examined, geograph-
ical region, and mode of transmission. In the study by Keele et
al., it was demonstrated that transmitted HIV variants con-
tained functional and highly fusogenic Env proteins. Here we
found that transmitted HIV variants also contain frequent
mutations within CTL epitopes in PR and RT, that these
transmitted mutations often persist for years after seroconver-
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TABLE 3—Continued

Residue in virus from patient:
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sion, and that new CTL epitope mutations accumulate against
this background. Furthermore, acute infection after transmis-
sion of multiple variants can include variants with different
CTL mutational profiles among the transmitted variants. Con-
sequently, some transmitted variants may be selected prefer-
entially by immune pressure from cytotoxic T cells. Indeed, in
patient 1003, we saw a selective loss of variants that lacked
CTL-associated mutations in CTL epitopes in PR, consistent
with selection by CTL expressing the corresponding MHC
(although the MHC type of this patient was not available).
In addition to identifying and characterizing variants in re-
cently HIV-infected individuals, we also obtained frequent lon-
gitudinal samples to determine rates of diversification in p6-r¢
compared to those for env. We found that diversification oc-
curs at similar rates in p6-rt and env in the first year of infection
in single-variant-infected patients but subsequently increases
at a higher rate in env at later time points. These differences
most likely reflect both the structural constraints on PR and
RT compared to Env and the stronger immune selection on
Env due to the antibody response. More diversity was found in
env than in p6-rt for multiple-variant-infected patients both
after transmission and in longitudinal samples, reflecting the
higher diversity found in this gene during chronic infection.
Little change in diversity over the early months of HIV infec-
tion was found in multiple-variant-infected patients, with the
exception of the rapid selection for variants with mutant CTL
epitopes in PR and RT. This observation further supports the

fitness of pro-pol variants carrying CTL-associated mutations
after transmission to a new host.

Overall, our data show that HIV transmission in both single-
and multiple-variant-infected patients frequently includes viral
species carrying CTL-associated mutations, presumably se-
lected for in prior hosts along the transmission chain, and that
these mutations do not revert easily regardless of the MHC
type of the recipient. Indeed, our longitudinal data show a slow
accumulation of new amino acid changes in PR and RT CTL
epitopes in response to the patients’ MHC type even in the
background of the transmitted mutations. These results sug-
gest that evaluation of CTL-inducing vaccines should include
challenge by HIV variants with clinically relevant sequence
variations in CTL epitopes to ensure efficacy against newly
acquired HIV strains. Further studies are needed to determine
if the transmission of CTL-associated mutations affects the
breadth of the CTL response in newly infected patients. Al-
though we found a trend between the high frequencies of
CTL-associated mutations in PR and RT and progression to
CD4™" T-cell counts below 200 and a significant correlation
between the transmission of multiple HIV variants and
lower CD4% T-cell counts, further studies are needed to
determine the clinical impact of transmission of CTL-asso-
ciated mutations in HIV infection as well as the impact of
single- versus multiple-variant transmission events on dis-
ease progression.
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