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Abstract

Although it is known that most HIV-1 infections worldwide result from exposure to virus in semen,
it has not yet been established whether transmitted strains originate as RNA virions in seminal plasma
or as integrated proviral DNA in infected seminal leukocytes. We present phylogenetic evidence that
among six transmitting pairs of men who have sex with men, blood plasma virus in the recipient is
consistently more closely related to the seminal plasma virus in the source. All sequences were
subtype B, and the env C2V3 of transmitted variants tended to have higher mean isoelectric points,
contain potential N-linked glycosylation sites, and favor CCR5 co-receptor usage. A statistically
robust phylogenetically corrected analysis did not detect genetic signatures reliably associated with
transmission, but further investigation of larger samples of transmitting pairs holds promise for
determining which structural and genetic features of viral genomes are associated with transmission.

INTRODUCTION

Although individuals may be exposed to HIV through contact with virus in many bodily fluids,
most HIV infections worldwide result from sexual transmission of virus harbored in semen
(1). Infection after sexual exposure has been associated with the viral loads in blood (2) and
seminal plasma (3), stage of infection of the source partner (4), concurrent sexually transmitted
infections (STIs) (5), sexual positioning (6), and other behavioral and biological factors (7,8).
Viral genetics likely influence the transmissibility of HIV from semen, as certain sequence
features may confer selective advantage for occupying the male genital tract or effectively
establishing infection in susceptible individuals (9,10).

Semen is a complex mixture of cellular and plasma components (11) that harbors both HIV
RNA virions within seminal plasma and proviral HIV DNA within infected seminal cells
(12). It remains unclear whether cell-free virions, cell-associated proviruses, or both are the
source reservoir for sexually transmitted HIV (13). One possible mechanism of transmission
is that a seminal lymphocyte or macrophage carrying replication-competent provirus (cell-
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associated HIV DNA) releases its viral cargo after entering the recipient partner. This
hypothesis is supported by documented cases of HIV transmission from a source partner
receiving suppressive antiretroviral therapy (14) and also by finding multiple related viral
variants in the blood of acutely infected individuals (15,16). An alternative hypothesis is that
cell-free virus, measured as HIV RNA in seminal plasma, is the source of transmitted virus,
which is supported by the monoclonal acute infections found in most studies (17,18) and the
positive correlation between blood plasma HIV RNA concentrations and transmission risk
(2,3). Finally, both mechanisms might occur naturally (13), with one route predominating for
undetermined reasons.

Separately evolving subpopulations of HIV are frequently established in diverse tissues,
including the lung (19), central nervous system, spleen (20), and male genital tract (9,21), after
infection. This anatomic compartmentalization is a result of selection by local factors such as
differential immune responses, drug concentrations, and tissue tropism (22). Conserved,
compartment-specific genetic motifs of the env-coding region have been found in viral
subpopulations from the semen (9) and the blood of acutely infected individuals (18,23).
Putative genetic correlates of sexual transmission in the gene coding for envelope glycoprotein
(env) have also been reported (10,24,25); however, there is little concordance between the
studies, which suggests that such correlates are too complex to be evinced from currently
available samples. Here, we report on the genetic and structural elements of the C2V3 region
of env extracted from the blood and semen of subjects belonging to a transmission cohort of
recently infected men who have sex with men (MSM). We show HIV RNA viral
subpopulations in the blood of recipient partners to be more similar to the HIV RNA virus in
seminal plasma than to the seminal cell-associated HIVV DNA virus from source partners’
semen, thus providing ample support for seminal plasma as the origin of transmitted virus
among MSM.

Cell-free seminal plasma virus is the origin of transmitted HIV

We determined the estimated date of infection (EDI), herpes simplex virus type 2 (HSV-2)
serostatus, infection status of bacterial STls (syphilis, gonorrhea, or Chlamydia), blood plasma
HIV viral loads, source partner seminal plasma HIV viral loads, and CD4* cell counts for six
transmission pairs, each consisting of an HIV-infected source and recipient sex partner (Table
1). HIV RNA was extracted and quantified from the blood of both partners and from the seminal
plasma of source partners, and HIV DNA was extracted from the source partner’s infected
seminal cells (see Supplementary Material). Epidemiological linkage analysis confirmed HIV
transmission between the identified source and recipient for each pair. Recipient partners
provided biological samples an average of 72 days after their EDI, and all reported having
engaged in receptive anal intercourse with their source partners. Source partners provided
samples of urine for STI testing and samples of blood and semen an average of 88 and 94 days,
respectively, after their recipient partners’ EDI (Table 1). In four pairs, source partners had
been infected with HIV for less than 6 months at the time of HIV transmission, and the
remaining two source partners (A and F) were chronically infected. One individual was the
source partner for three identified recipient partners: two (B and C) ~100 days after his own
EDI and the third (A) ~900 days later. None of the source partners had a concomitant bacterial
STI at study enrollment, but half (n = 3) of the recipient partners were infected by gonorrhea.
Four source partners were HSV-2 seropositive, and four recipient partners were HSV-2
seronegative, resulting in four HSV-2 serodiscordant pairs. Rates of ST, HSV-2 serostatus,
and respective means of the source and recipient partners’ ages (33 and 39 years), CDA4 cell
counts (439 and 673 cells per microliter), and viral loads of HIV-1 RNA in the blood (5.35 and
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5.15 log HIV RNA copies per milliliter) were not significantly different (P > 0.05, exact and
Wilcoxon rank tests); however, statistical power was limited by the small sample size.

Blood-derived HIV RNA from source and recipient partners and semen-derived HIV RNA and
HIV DNA from source partners were analyzed using at least 20 sequences from each sample
type. Sequences of the C2V3 region of HIV-1 env were generated either by single-genome
amplification of HIV RNA extracted from blood or by clonal amplification of HIV RNA from
seminal plasma and HIVV DNA from seminal cells (see Supplementary Material) using
previously described techniques (23). The origin of transmitted virus and degree of
differentiation of viral subpopulations within source partners was inferred using phylogenetic
and population genetic methods (see Materials and Methods). All sequences were of subtype
B and did not show evidence for superinfection within hosts. For all six pairs, viral sequences
derived from the recipient partner’s blood plasma clustered with the sequences derived from
his source partner’s seminal plasma rather than those from his seminal cells (Fig. 1). In all
cases, most (91%) of source seminal cell-associated HIVV DNA sequences clustered
independently (100% bootstrap support; Fig. 1) of HIV RNA sequences from the source
partner’s seminal and blood plasma. on Thus, HIV-1 transmitted during sexual exposure
between MSM likely originates in seminal plasma rather than in seminal cells. High
concentrations of genetic differentiation between seminal cell-associated HIV DNA
subpopulations and the HIV RNA subpopulations sampled from both seminal plasma (mean
F¢=0.79+£0.07; P <0.001 for all pairs) and blood plasma (mean F¢; = 0.80 + 0.07; P < 0.001
for all pairs) were inferred (table S1). A minority (9%) of seminal cell-associated HIV DNA
sequences clustered with HIV RNA sequences from seminal plasma for two of the six
transmission pairs (Fig. 1, D and E). These minority HIV DNA variants were probably
extracted from seminal cells in which HIV RNA had been recently integrated from
contemporaneous viral subpopulations in blood or seminal plasma, whereas most of the
sampled HIV DNA variants likely represent archived virus (26). Additionally, the estimated
time to the most recent common ancestor (Tyrca) for recipient blood and source seminal
plasma HIV-1 RNA sequences was less than that for recipient blood plasma and source seminal
cell HIVV-1 DNA sequences (table S2), further indicating that the transmitted viral
subpopulations were not derived from archived provirus (26).

The degree of compartmentalization differs between acute and chronic infection

Differentiation of the three viral subpopulations was evident within all source individuals to
varying degrees (Fig. 1). Viral subpopulations sampled from blood plasma and seminal plasma
within source patients were admixed for transmission pairs B to E (Fig. 1 and table S1) but not
for transmission pairs A and F, where the source partners were chronically infected. Three of
the transmission pairs involved a source partner who transmitted HIV to recipient partners
around 100 days (B and C) and again 900 days (A) after he acquired HIV. The HIV RNA
subpopulations from the blood plasma of these recipient partners clustered with
contemporaneous subpopulations of HIV RNA from the source partner’s seminal plasma rather
than HIVV DNA subpopulations from his seminal cells (Fig. 1 and fig. S1). In the earlier-
transmission pairs (B and C), the source partner’s HIV RNA subpopulations sampled from
blood and seminal plasma clustered closely together and were genetically indistinguishable
(Fst = 0.034 and 0.010; P = 0.203). In the later-transmission pair (A), however, the source
partner’s blood HIVV RNA population was significantly differentiated from both the HIV DNA
population in his seminal cells (Fst = 0.727; P <0.001) and the HIV RNA population sampled
from his seminal plasma at the later time point (Fg; = 0.842; P < 0.001) (Fig. 1 and fig. S1).
Estimating the Typrca for transmission pair A proved challenging, as the inferred posterior
distributions of the Typyrca Were bimodal, highlighting the lack of signal needed to reliably
estimate Typirca in these relatively homogeneous viral sequences (table S2 and fig. S2K). These
findings indicate compartmentalization of source blood and seminal plasma HIV RNA
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subpopulations at the time of the later transmission (A), further supporting HIV RNA
subpopulations in seminal plasma as the origin of sexually transmitted virus between MSM.

and nontransmitted viruses show structural but not selective differences

The sequenced C2V3 region of cell-free (transmitted) virus had, on average, a higher mean
isoelectric point (median, 9.7; range, 8.76-10.95 versus median, 8.89; range, 6.5-10.49; one-
sided P < 0.001, Mann-Whitney test), contained more potential N-linked glycosylation sites
(median, 7.15; range, 5.36—7.70 per 100 codons versus median, 6.48; range, 4.46—7.70 per 100
codons; one-sided P <0.001, Mann-Whitney test), and had a greater proportion of CCR5-tropic
strains than the cell-associated (nontransmitted) virus (100% and 92%, respectively). However,
because clonally derived sequences are unlikely to constitute independent samples from the
viral population, the P values reported above are likely to overestimate the statistical
significance of differences. All sequences were, on average, subject to purifying selection for
all transmission pairs. Six sites were inferred to be positive selection in two of the six
transmission pairs (A and F; table S3 and fig. S3), but these sites were not shared across
transmission pairs (fig. S3). For all but one of the transmission pairs (C), the genetic algorithm
approach (27) for adaptively mapping selective regimes to lineages failed to reject a model in
which selection was homogeneous across the phylogeny. In the case of transmission pair C,
however, two selective regimes were detected: one accounting for purifying selection (dN/dS
= 0.725) and the other for strong positive selection (dN/dS = infinity). This result might be
artifactual given the overall low diversity in this transmission pair (samples were obtained less
than 30 days after the EDI; Table 1), thus limiting reliability in the estimate of the synonymous
mutation rate in some lineages. We also attempted to associate specific sequence motifs with
transmitted viral variants while accounting for the shared ancestry of viruses sampled from
transmission pairs. We reconstructed unobserved ancestral viral strains using maximum
likelihood and mapped substitutions to transmission and pretransmission branches (see
Supplementary Material;Fig. 1). Only one codon (position 329 of HXB2 env) shared a
substitution between two transmission pairs (Q329R and Q329K table S4A) along a
transmission branch, and one codon (position 293 of HXB2 env) had substitutions in five of
six cases along a pretransmission branch (table S4B). In a sample of six transmission pairs
with three recipient partners sharing a common source partner, it is not surprising that no shared
transmission motifs were detected. The robust identification of signature motifs in the context
of HIV transmission remains an open statistical problem, exacerbated by the similarity of
sequences due to shared ancestry (rather than positive selection) and the need to account for
founder effects when attempting to identify conserved motifs (28).

DISCUSSION

The hypothesis that sexually transmitted HIV originates in the seminal plasma of the source
partner is the most likely mechanism of transmission according to our sequence analyses, but
we should consider other possible mechanisms. First, it is possible that all six HIV
transmissions occurred during anal sex, with the insertive (recipient) partner having been
exposed to HIV present in the blood of the receptive (source) partner (for example, through
tears in his rectal mucosa, instead of virus in his semen). If we further assume that viral RNA
subpopulations in blood and seminal plasma of each of the source partners are closely related
(and distinct from the cell-associated seminal HIVV DNA), then phylogenetic analyses may be
congruent with the patterns seen in Fig. 1. However, at least in one transmission pair (pair A),
a clear distinction between blood- and semen-derived HIV RNA sequences was detected in
the source partner, and the transmitted virus was more similar to the latter. The probability of
this scenario is further reduced by the observations (6) that the rates of HIV transmission during
anal sex are much lower when the source partner is the receptive partner rather than the insertive
partner, and that the receptive partner is more likely to be exposed to virus in semen than virus
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in blood. These data also suggest that the HIV RNA population in the blood could be the source
of the HIV RNA population in semen, and this finding may be important in the role of
antiretroviral therapy to reduce the infectiousness of a potential source partner. Second,
discrepant viral loads in blood and seminal biological samples necessitated the use of different
sequence amplification techniques (single-genome amplification for blood and clonal
amplification for semen), which could have biased the composition of each sample. However,
we used the same set of polymerase chain reaction (PCR) primers for all samples to reduce
amplification bias, and such a bias would be expected to generate phylogenetic clustering based
on the amplification technique (that is, clonally amplified semen sequences would cluster
together and separately from the single-genome amplified blood sequences), which was not
observed (Fig. 1). Third, the sample of sequences of HIVV DNA generated from seminal cells
could be biased toward the subpopulation of infected seminal cells containing archived and
mostly replication-incompetent provirus (26). Although we cannot eliminate the possibility
that unsampled, low-frequency, cell-associated HIV DNA founded the transmitted viral
population, it is unlikely to have occurred in all transmission pairs, especially given the high
degree of genetic similarity and phylogenetic clustering between the HIVV RNA subpopulations
sampled from the blood plasma of recipient partners and the seminal plasma of source partners.
Fourth, observations reported in this study are based on the C2V3-coding region of env, and
alternative results may have been obtained if other coding regions were investigated. This
region of env, however, has been widely used in previous studies concerning HIV
transmissions, and its choice allows for the identification of important viral characteristics
including cellular tropism and infectivity after sexual exposure (9,10,18,23,24). Fifth, the
relatively small number of transmission pairs studied limits the broad generalization of these
findings to all MSM exposures; therefore, larger investigations are needed to confirm our
findings with a high degree of statistical confidence.

Our results provide the most compelling experimental confirmation for the hypothesis that that
cell-free HIV RNA in seminal plasma, and not cell-associated HIVV DNA in seminal cells, is
the origin of sexually transmitted virus between MSM. Because of the clear importance of
identifying genetic correlates of transmissibility for the purposes of guiding preventive efforts,
we examined sequence attributes that have previously been associated with transmission
(23-25). Whereas mean isoelectric points, numbers of putative N-linked glycosylation sites,
and co-receptor tropism differed between the transmitted and the nontransmitted viral
subpopulations, we were unable to identify specific motifs or substitutions associated with the
sexual transmission of HIV from semen among six transmission pairs of MSM. Such motifs
are probably too subtle to deduce because of sample size limitations inherent in this and other
studies of HIV transmission (23-25). However, although larger studies are warranted, this
study identifies HIV RNA populations in the seminal plasma as an attractive target for
biological efforts to interrupt transmission.

MATERIALS AND METHODS

Sampling

Participants with acute HIV infection recruited their antiretroviral-naive recent sex partners
for this study. All were interviewed for sexual histories, examined, and administered HIV
counseling. Samples of urine, blood, and semen were obtained. After 48 hours of abstinence,
semen was collected by masturbation without lubricant. Time between transmission and
collection of specimens was estimated using the recipient’s EDI (29) and date of sample
collection. Blood plasma was aliquoted, frozen, and stored at —80°C. Viral transport medium
(2 ml of 80% RPMI 1640, 9% fetal bovine serum, 9% penicillin-streptomycin, 2% nystatin)
was added to samples at collection. Seminal plasma was separated from seminal cells by
centrifugation at 700g for 12 min within 2 hours of collection and stored at —80°C and —150°
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C, respectively (30). Neisseria gonorrhoeae and Chlamydia trachomatis infection was
assessed in urine samples (LabCorp). Syphilis infection was assessed by rapid plasma reagin
titers. Total CD4* lymphocyte counts were measured (LabCorp). HSV-2 serostatus was
determined by HSV-2-specific enzyme immunoassay (ARUP Laboratories) with confirmation
by HSV-2 Western blotting (University of Washington, Seattle). HIV RNA was extracted and
quantified from 500 pl of blood plasma (Amplicor HIV-1 Monitor Test, Roche Molecular
Systems Inc.) and from 500 pl of seminal plasma (qc-HIV Assay, GenProbe Inc.) according
to the manufacturers’ protocols. HIV DNA was extracted from seminal cells (DNeasy Blood
& Tissue kit, Qiagen Inc.) per the manufacturer’s protocols.

ViroSeq v.2.0 (Applied Biosystems) was used to sequence HIV-1 pol from blood per the
manufacturer’s instructions. HIV-1 env C2V3 sequences were generated from blood plasma
virus (HIV RNA, sources and recipients) and semen virus (seminal cell HIV DNA and plasma
HIV RNA, sources only). Briefly, HIV RNA extracted from blood plasma was reverse-
transcribed (with RETROscript kit, Applied Bio-systems) into complementary DNA (cDNA),
and nested PCR of env C2V3 was performed (31,32) for single-genome amplification and
sequencing as previously described (23). Because template from semen was insufficient for
single-genome amplification, HIV DNA from seminal cells and HIV cDNA from seminal
plasma were cloned and sequenced (using the same primers as above) with the TOPO-TA
Cloning System (Invitrogen), as previously described (33). Sequences were manually checked
with Sequencher 4.1 (Gene Codes), screened for laboratory contamination with HIV BLAST
(34), aligned with MUSCLE (35), and manually edited with Geneious Pro 4.6 (Biomatters
Ltd.) to preserve reading frame.

Seqguence characteristics

Sequence characteristics were as follows: co-receptor utilization determined with WebPSSM
(36), potential N-linked glycosylation sites identified with a custom script within HyPhy
(37), HIV-1 subtype determined as described by Kosakovsky Pond et al. (38), shared
transmission motifs not due to common ancestry estimated by reconstructing ancestors using
maximum likelihood (39,40), and mapping substitutions either to the transmission branch
(most recent common ancestor of recipient viruses) or to a pretransmission branch (most recent
common ancestor of the recipient viruses and most closely related source virus).

Phylogenetic analysis

Epidemiological linkage confirmation was performed on pol sequences from each partner
(33). Codons associated with drug resistance were removed to evaluate transmission linkage
independent of resistance mutations (41). Linkage results were not disclosed to participants.
Maximum likelihood phylogenetic trees were inferred from env C2V3 sequences for each
transmission pair using PhyML (42) under a GTR+I" model (43,44) and support estimated with
1000 bootstraps. Gene flow between compartments (blood, seminal plasma, and seminal cell)
within source individuals and between source compartments and recipient blood plasma was
estimated with F; (45), and statistical significance was assessed with 1000 permutations. An
uncorrelated molecular clock (46) in BEAST v1.4.8 (47) was used to estimate Tyjrca between
sequences obtained from the recipients’ blood HIV RNA and three source compartments (blood
HIV RNA, seminal plasma HIVV RNA, and seminal cell HIV DNA). Models of DNA
substitution and coalescent demographics were compared with Bayes factors. Because the fit
of demographic and substitution models was indistinguishable (table S5), GTR+I" with
constant population size was used. Transmission pairs with low diversity (Fig. 1, B and C)
were combined with a third recipient (Fig. 1A) because they shared a source (fig. S1). Pair F
was excluded because the EDI could not be reliably determined. Bayesian Markov chain Monte
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Carlo (MCMC) analysis used uninformative priors and 24 (multiple recipients) or 10 (single
recipients) independent MCMC chains of 10 million generations (burn-in of 1 million). MCMC
parameters were chosen to ensure convergence and sufficient effective sample sizes (>200)
for estimated parameters.

We investigated selection by means of codon models (48,49). Fixed effects likelihood (FEL)
methods identified purifying and diversifying selection across the phylogeny (FEL) and along
internal branches (iFEL). A genetic algorithm was used to map selection classes to lineages
(27). Model selection was used to select a DNA substitution model, and evidence for
recombination was evaluated with GARD (50), and analyses were implemented with
Datamonkey (51).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(A to F) Phylogenetic analysis of source and recipient viral sequences. Maximum likelihood
phylogenies of viral subpopulations in anatomic compartments for each transmission pair (A
to F, Table 1). RBP, recipient HIV RNA in blood plasma; SBP, source HIV RNA in blood

plasma; SSP, source HIV RNA in seminal plasma; SSC, source seminal cell-associated virus.
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