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Abstract

Background—uUnderstanding the dynamics of HIV across anatomic compartments is important
to design effective eradication strategies. Here, we evaluated viral trafficking between blood and
semen during primary HIV infection (PHI) in six antiretroviral-naive men who have sex with men
(MSM).

Methods—Deep sequencing data of HIV envwere generated from longitudinal blood plasma,
peripheral blood mononuclear cells, and seminal plasma samples. The presence or absence of viral
compartmentalization was assessed using tree-based Slatkin-Maddison and distance-based Fst
methods. Phylogeographic analyses were performed using a discrete Bayesian asymmetric
approach of diffusion with Markov jump count estimation to evaluate the gene flow between blood
and semen during PHI. Levels of DNA from human herpesviruses and selected inflammatory
cytokines were also measured on genital secretions collected at baseline to evaluate potential
correlates of increased viral migration between anatomical compartments.

Results—We detected varying degrees of compartmentalization in all six individuals evaluated.
None of them maintained viral compartmentalization between blood and seminal plasma
throughout all of the analyzed time points. Phylogeographic analyses revealed that the HIV
population circulating in blood plasma populated the seminal compartment during the earliest
stages of infection. In our limited dataset, we found no association between local inflammation or
herpesvirus shedding at baseline and viral trafficking between semen and blood.

Conclusions—The early spread of virus from blood plasma to genital tract and the complex
viral interplay between these compartments suggest that viral eradication efforts will require
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monitoring viral subpopulations in anatomical sites and viral trafficking during the course of
infection.
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INTRODUCTION

Within the first weeks of infection, HIV rapidly disseminates through the body and
establishes cellular HIV reservoirs [1]. Understanding how HIV migrates, colonizes, and
adapts to various anatomic compartments (e.g. blood plasma, peripheral blood mononuclear
cells [PBMCs], and the male genital tract) during the course of infection will likely be
important for the development of effective eradication strategies [1, 2].

Viral compartmentalization within anatomic regions can occur as a consequence of tissue-
specific genetic differentiation and restricted viral migration between anatomic sites or
tissues [3]. Such compartmentalization impacts HIV-associated pathogenesis and is
associated with neurocognitive disease [4, 5], development of drug resistance, and sexual
transmission [6-12]. For example, the male genital tract represents a unique compartment,
which can be distinct from blood, including differences in drug resistance mutations, viral
replication [13-16], and differential virus evolution [17-19] in response to local
environment factors [20-24] and antiretroviral pharmacokinetics [25-27]. While these
unique genotypic and phenotypic characteristics might have crucial implications for efficient
HIV sexual transmission [6-12], semen-specific variants residing in these “sanctuaries” may
also play an important role in reseeding the blood.

Here we analyzed deep sequencing data obtained from longitudinally collected samples
from individuals with recent HIV infection to characterize the dynamics of viral spread
between the blood and genital tract during early HIV infection.

MATERIAL AND METHODS

Ethics Statement

This study was approved by the UCSD Human Research Protections Program. All study
participants provided voluntary, written informed consent before any study procedures were
undertaken.

Participants, Samples, and Clinical Laboratory Tests

Six individuals with recent HIV infection participating in the San Diego Primary Infection
Resource Consortium [28] were enrolled in this study. Prior to the initiation of antiretroviral
therapy (ART), longitudinal samples of blood plasma (n=25), seminal plasma (n=15) and
peripheral blood mononuclear cells (PBMC) (n=9) were collected with a median of 5 time-
points per individual (range: 3-7). HIV DNA levels were quantified in PBMCs and HIV
RNA levels were quantified in both blood and seminal plasma [29] (Table 1 and Figure S1).
The estimated dates of infection (EDI) were determined using a series of well-defined
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stepwise rules to characterize stages of infection based on serologic and virologic criteria, as
described by Le et al. [30] and summarized in Supplementary Table S1.

Next Generation Sequencing and Sequence Analyses

HIV RNA was extracted from blood and seminal plasma and HIVV DNA was extracted from
5 million frozen PBMCs using standard methods [29]. Deep sequencing of PCR-amplified
env C2-V3 (HXB2 coordinates 6928-7344) was performed using the Roche 454 FLX
Titanium platform (Basel, Switzerland) and sequence haplotypes were generated as
described in supplement (Table S2). For each sample, we computed the mean of all pairwise
Tamura-Nei 93 distances between reads with at least 100 overlapping base pairs to measure
the mean pairwise diversity [31].

To evaluate if sampled viral populations within each individual were under selective
pressure, we used the Fast Unconstrained Bayesian AppRoximation (FUBAR) program [32].
This method exploits several computational shortcuts to speed up the detection of positive or
purifying selection, leading to improved robustness against model misspecification and
permitting the analysis of large data sets for which selection analysis was previously
intractable [32]. A posterior probability threshold p of 0.9 was defined to detect codon sites
under positive and purifying selection.

Viral compartmentalization and population subdivision for each individual dataset was
assessed by a stringent multi-level approach including Fst [33] and Slatkin Maddison (SM)
assessments of compartmentalization [34] implemented in the HyPhy software package [35].

Briefly for the FsT, we compute the fixation index [33], defined as FSTzl—%, where Tt is
the estimate of mean pairwise /intra-compartment Tamura Nei (TN93) genetic distance [36],
and mp is its /nter-compartment counterpart. Both quantities were computed by comparing
all reads from two different compartments, subject to the requirement that they share at least
100 aligned nucleotide positions. Statistical significance was derived via a 1,000-fold
population-structure randomization/permutation test. For a given sample to be considered
compartmentalized, we required that: 1) FgT test was statistically significant with a p-value
of less than 0.05, (2) the Fst p-value remained significant when the haplotype frequency was
ignored, (i.e. all haplotypes were assigned a relative weight of 1), and (3) the Slatkin-
Maddison test for compartmentalization, based on the inferred maximum likelihood
phylogeny, was also statistically significant.

Phylogeographic Analyses

The resulting collection of haplotypes obtained from each sample was used to reconstruct
the spatial dynamics of HIV-1 across compartments. Briefly, we employed a Bayesian
discrete phylogeographic approach [37] and an MCMC framework as implemented in
BEAST v1.8.1 with BEAGLE [38, 39]. We applied a discretized gamma distribution (GTR
+ 4TI') to account for among-site rate variation. Time scales of the trees were calibrated with
the sampling dates available. We specified a uncorrelated lognormal (UCLN) molecular
clock that allows rates to vary among the branches of the inferred phylogenies to infer the
timescale of HIV evolution for each individual [40], with a gamma distribution prior. A
Bayesian skyline tree prior was used as a coalescent demographic model. Markov chain
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Monte Carlo simulations were run for 250 million steps, sub-sampling parameters every
50,000 steps. Convergence of the chains was inspected using Tracer.v.1.6. Maximum clade
credibility trees were obtained with TreeAnnotator v1.8.1 and visualized by using FigTree
1.4.2 [38]. To obtain the expectations for the location state transitions, we estimated Markov
jump counts [41] along the branches of the posterior tree distribution [42].

History of viral movements and estimated percentage of HIV-1 migration events from blood
to semen and conversely from semen to blood were obtained using a “robust counting”
procedure as implemented in BEAST package v1.8.1 [38]. Briefly, this method allows
estimation of the expected number of location changes along the branches of a posterior tree
distribution, and can be used to investigate intra-host HIV spatiotemporal dynamics [2].
Here, we estimated the location state transition rates between compartments using a
randomized sub-sample of an equal number of blood plasma and seminal sequences to avoid
potential bias in spatial inference estimates that may arise from over-sampling one location.
Blood and seminal plasma sequences from each available time point were retained in order
to maximize temporal evolutionary signal. To improve robustness, the analysis was repeated
three times with a new random sub-sample each time. Posterior mean percentage and 95%
Bayesian Credible Intervals (BCls) for the proportion of migration events from and to blood
plasma were obtained. A full description of these analyses is provided in the supplementary
materials and in our previous manuscript [2].

Cytokines/chemokines quantification

Selected markers of genital inflammation and cellular trafficking (monocyte chemotactic
protein [MCP]-1, interleukin [IL]-6, tumor necrosis factor [TNF]-a, Interferon-vy, regulated
on activation normal T cell expressed and secreted [RANTES], and Interferon-y induced
protein [IP]-10) were measured at baseline in seminal plasma using a bead-based multiplex
array [23, 43].

Herpesvirus DNA and HIV RNA extraction and quantification from seminal plasma

We used quantitative RT-PCR to measure levels of HIV RNA at each time-point.
Additionally, DNA levels from various Human Herpes Viruses (HHV) in seminal plasma
were measured at baseline (i.e. CMV, EBV, herpes simplex viruses (HSV) types 1 and 2, and
HHYV types 6, 7, and 8) [43, 44].

Statistics

Statistical analyses were performed using SAS (version 9.4) and Graph-Pad Prism 6.0c
software (GraphPad Software, Inc., San Diego, CA). We performed comparisons of inferred
numbers of migration events across compartments between groups using the Fisher-exact
test. Evaluation of correlations between continuous variables was performed using the
Spearman rank correlation.
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RESULTS
Study Cohort

HIV-infected participants (n=6) were all men who have sex with men (MSM) recently
infected with HIV-1 subtype B. Participants had a mean age of 30 years, and no reported
needle-sharing exposures. Baseline blood and semen samples were collected at a median of
81 days after the EDI (interquartile range [IQR], 35-108 days). Additional longitudinal
samples were collected serially for a median of 180 days (IQR, 82-761 days) post baseline,
with a median of 4.5 time points per participant (IQR, 3-5.5). The median blood and
seminal plasma viral load at baseline were 5.07 (IQR, 4.30-5.58) and 3.54 (IQR, 3.14-4.22),
respectively and the median CD4* count was 629 cells/ pL (IQR, 506-691). Characteristics
and demographics of the subjects are summarized in Table 1 and Figure S1.

Viral characteristics in blood and the male genital tract

To compare the diversity of HIV-1 envbetween the male genital tract, peripheral blood
plasma, and PBMCs, we calculated the mean pairwise diversity in samples from all three
compartments. There was no significant difference in overall nucleotide diversity between
sequences sampled from blood plasma, seminal plasma and PBMC across the six individuals
at any time point. Using a mixed effects model to examine viral diversity in relation to time
from the estimated date of infection within each individual, we found a significant increase
in viral diversity over the course of infection in the HIV RNA population in seminal plasma
(p=0.03) but not in blood plasma (Figure Suppl.2).

At baseline, we detected evidence of viral compartmentalization between the blood and
genital compartments in two out of six participants (subjects S3 and S6). Interestingly, both
individuals lost compartmentalization at later time points, 182 days (subject S3) and 457
days (subject S6) post infection, respectively. The remaining four participants were not
compartmentalized at baseline but exhibited significant signal for compartmentalization
between blood and semen at one or more post-baseline time points (Table 2). There was no
association between the time from EDI and the presence of viral compartmentalization
between blood and seminal plasma. None of the six individuals maintained viral
compartmentalization between blood and seminal plasma throughout all of the analyzed
time points.

As viral evolution in distinct anatomic compartments may be differentially affected by
selection, we evaluated codon sites under positive and purifying selection within blood and
seminal plasma for each participant. Overall, the number of sites under positive and
diversifying selection were higher in blood and seminal plasma compared to PBMC (Table
Suppl.3) and the the sites identified to be under positive and purifying selection varied
between individuals and across compartments (data not shown).

HIV Phylodynamics between Blood and Seminal plasma

To further characterize the viral gene flow between blood and semen, we applied a Bayesian
discrete phylogeographic approach to our sequence datasets [37]. The inferred phylogenies
and the distribution of node states across the Markov Chain Monte Carlo (MCMC) analyses
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all suggested that ancestral sequences within the tree originated from blood plasma and were
followed by spread to the PBMCs and genital tract (Figure 1, colored nodes). We then used
Markov jump counts to provide a quantitative estimate of gene flow between each
compartment. Using random but evenly distributed sub-samples to reduce sampling bias, we
found a significantly higher number of migration events originating from blood plasma
toward both seminal plasma and PBMC for all individuals (p<0.01) (Figure 2, Table Suppl.
4). Gene flow (i.e. the expected number of location state transitions along branches of the
tree [41]) from blood plasma to the genital tract and from blood plasma to PBMCs
represented a mean of 47.0% (range: 29.6-53.6%) and 38.0% (range:3.4-65.3%) of the total
viral movement across the 3 compartments, respectively.

Correlates of viral diversity and gene flow

To explore possible inflammatory mechanisms connecting viral evolution and gene flow
between blood and genital compartment, we measured levels of selected cytokines and
chemokines (i.e., MCP-1, IL-6, TNF-a, Interferon-y, RANTES, and IP-10) in seminal
plasma at baseline (Table Suppl.5). After adjustment for multiple comparisons, in our
limited dataset, we found no association between viral diversity or viral migration between
semen and blood and the presence of HHV or increased levels of cytokines in the genital
tract at baseline. (Table Suppl.6).

DISCUSSION

A better characterization of the viral dynamics of HIV in the genital tract is important not
only to inform eradication strategies, but also to direct strategies to reduce infectiousness
and reduce the risk of transmission. Previous works have reported compartmentalization of
HIV between blood and semen and described the potential implications for HIV
transmission and drug resistance [6-11]. In our study, we found evidence of viral
compartmentalization between the blood (PBMC or plasma) and seminal plasma in six HIV-
infected men during the earliest phase of HIV infection. Interestingly none of the six
individuals maintained viral compartmentalization between blood and seminal plasma
throughout the entire study period. This is consistent with previous studies showing that
compartmentalization of HIV variants can be a transient phenomenon [45-47], revealing the
complex viral dynamics between blood and the genital tract as reviewed in [48]. Similar to
these human studies, variation was also seen in non-human primate models: studies in
recently infected macaques showed both evidence of mixing of the SIV population between
blood and the genital tract during acute SIV infection [49] and genital tract sequestration
following resolution of primary viremia and during chronic infection [50-51]. The absence
of compartmentalization between viral populations in the blood and the genital tract can be
the consequence of ongoing viral trafficking or limited divergence rates over the course of
infection. Here, we found increasing compartmentalization between viral populations of the
blood and seminal plasma over time for four out of six individuals (66.7%). The delayed
appearance of viral segregation together with the significant increase in viral diversity in
semen during the course of HIV infection might be a consequence of ongoing viral
replication under selective pressures unique to the genital tract. Consequently, we evaluated
the potential selective pressure by comparing the site under positive and purifying selection
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in blood and seminal plasma. While the small number of participants evaluated and the short
segment of HIV-1 envused represent an important limitation, we found that the number and
the nature of sites identified to be under positive and purifying selection varied between
individuals and across compartments. This is consistent with previous findings showing
distinct local selective pressures that may be contributing to viral evolution and segregation
of HIV variants in the genital tract [9, 13-19].

To further understand mechanisms underlying viral compartmentalization, we applied a
discrete diffusion approach to phylogenies of all compartment-specific HIV sequence data to
characterize the gene flow between blood and semen. This method permits to quantify the
migration between compartments by estimating the Markov jump count of location state
transitions along tree branches. Similar to our previous report [2], we found evidence of
reciprocal migrations between the blood and genital tract but in this study, gene flow
predominantly originated from blood plasma (Figure 2), illustrating the complex intermixing
of HIV subpopulations within the host. These findings are also consistent with a cross-
sectional study of five HIV-infected men, which showed evidence of viral
compartmentalization between the blood (PBMC or plasma) and the genital tract, and a
predominant viral gene flow from blood plasma to genital tract using a cladistic measure of
gene flow (Slatkin and Maddison Test) [52]. Together these results illustrate that viral
migration between anatomic compartments is a complex and dynamic bidirectional process

2.

Previous reports have demonstrated that semen and blood are two distinct immunological
compartments with distinct cytokine profiles [23, 24, 53]. Local immune activation and T
cell activation may provide an environment that can support virus replication with unique
selective pressures [53], giving rise to a compartmentalized viral population. Consistent with
this idea of local immune activation, a previous study of 16 men with chronic HIV infection
demonstrated high levels of MCP-1 in the semen, but found no correlation with the viral
compartmentalization [46]. Here we measured seminal levels of MCP-1, IL-6, TNF-a.,
Interferon-y, RANTES, and IP-10 and HHV DNA at baseline. While we found no
significant association between viral trafficking and local inflammation or the presence of
HHYV at baseline after adjustment for multiple comparisons, the limited sample size and the
lack of longitudinal measures of these markers of inflammation and infection prevented any
robust conclusion.

There are several important limitations of this study. Primarily, the small number of subjects
evaluated is an important limitation. However, it is generally difficult to obtain paired genital
and blood samples from recently infected individuals in a longitudinal fashion, and so while
our sample population is small, the study represents one of the largest such datasets in HIV
infected individuals. Our data were also generated with first generation deep sequencing
technology targeting a small C2-V3 envfragment, limiting our ability to delve into the
selection pressures driving compartmentalization. Nevertheless, the phylogenetic signal
present in this segment was enough to identify viral compartmentalization, and assess viral
gene flow across compartments. Similar to most studies of viral dynamics in humans,
sampling bias may have affected our observations. Viral populations are dynamic while
sampling is static, and samples were not taken at the same point during infection for all
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individuals. Further limitations to our study include that there are inherent differences in
physiology and evolutionary rates of archived viral DNA and viral RNA, and that there may
be sampling biases between HIV DNA and HIV RNA populations, given that HIV RNA
populations are usually more uniform than HIV DNA populations, at any one sampling
timepoint; however, such sampling biases are limited in this study by the fact that the
samples analyzed are from early infection, when overall body viral diversity is limited [54].
Finally, our analysis might be affected by measurement bias, since haplotype reconstruction
may affect the proportionality of viral variants, although the relative abundance of
haplotypes is usually preserved [55].

In summary, we used newly state-of-the-art Bayesian phylogeographic methods to evaluate
the dynamics and determinants of HIV compartmentalization between blood and the male
genital tract. Despite these listed limitations, our results are compatible with early spread of
virus predominantly from blood plasma to genital tract, with consequent establishment of a
local viral population, followed by intra-compartment evolution driven by specific local
selective pressures and immune environment. It will be important to monitor these dynamics
during HIV cure studies using latency reversing agents to determine if this viral
compartment can act as a source for viral rebound.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Time-scaled phylogeographic reconstruction of partial env sequencesfor the 6
individuals

Branches and nodes are colored by the compartment of origin. HIVV RNA sequences from
blood plasma and seminal plasma, and HIV DNA sequences from PBMCs are depicted in
red, blue and green respectively. These trees represent the inferred phylogenetic
relationships of haplotype sequences. The x axis represents time in year before the latest
sampling date (in year). Time scales of the trees were calibrated with the sampling dates
available. A bayesian skyline tree prior was used as a coalescent demographic model under
an uncorrelated lognormal (UCLN) molecular clock that allows rates to vary among the
branches of the inferred phylogenies to infer the timescale of HIV evolution for each
individual [40], with a gamma distribution prior. Analyses were made with BEAST v1.8.1
with BEAGLE [38, 39] (see Methods section).
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Figure 2. Boxplot depicting the number of Markov Jumpsfrom and to Blood plasma (A),
Seminal Plasma (B) and PBMC (C) for the 6 participants

Location state transitions between compartments were estimated by Markov jump counts
[41]. Viral migration from (red) and to (green) blood plasma (A), seminal plasma (B) and
Peripheral Blood Mononuclear Cells (C) are presented.
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