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HIV Migration Between Blood and
Cerebrospinal Fluid or Semen Over Time
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Previous studies reported associations between neuropathogenesis and human immunodeficiency virus (HIV)
compartmentalization in cerebrospinal fluid (CSF) and between sexual transmission and human immunodefi-
ciency virus type 1 (HIV) compartmentalization in semen. It remains unclear, however, how compartmentali-
zation dynamics change over time. To address this, we used statistical methods and Bayesian phylogenetic
approaches to reconstruct temporal dynamics of HIV migration between blood and CSF and between blood
and the male genital tract.

We investigated 11 HIV-infected individuals with paired semen and blood samples and 4 individuals with
paired CSF and blood samples. Aligned partial HIV env sequences were analyzed by (1) phylogenetic recon-
struction, using a Bayesian Markov-chain Monte Carlo approach; (2) evaluation of viral compartmentalization,
using tree-based and distance-based methods; and (3) analysis of migration events, using a discrete Bayesian
asymmetric phylogeographic approach of diffusion with Markov jump counts estimation. Finally, we evaluated
potential correlates of viral gene flow across anatomical compartments.

We observed bidirectional replenishment of viral compartments and asynchronous peaks of viral migration
from and to blood over time, suggesting that disruption of viral compartment is transient and directionally se-
lected. These findings imply that viral subpopulations in anatomical sites are an active part of the whole viral
population and that compartmental reservoirs could have implications in future eradication studies.
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Human immunodeficiency virus (HIV) compartmen-
talization is defined by a restriction of viral migration
between distinct anatomic compartments [1]. Such com-
partmentalization can affect HIV-associated pathogen-
esis such as neurocognitive disease [2, 3], development
of drug resistance, and sexual transmission [4-12].
Furthermore, understanding viral dynamics may be
important for vaccine design and efforts for a sterilizing
cure. Phylogenetic analyses have permitted, with
growing precision [13], the reconstruction of HIV
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type 1 (HIV) evolutionary history within a host. Such
analyses have found a relationship between HIV com-
partmentalization and disease progression, as well
as characterized the response to antiretroviral therapy
[14-16]. It
remains unclear, however, how compartmentalization

(ART) within various compartments

dynamics change over time.

The introduction of relaxed molecular clock phylo-
genetic inference has permitted an improvement in the
inference of the temporal dynamics of viral evolution-
ary processes [17]. These time-scaled methods have
been successfully used at the interhost level to investi-
gate the epidemiological and geographical dispersal dy-
namics of influenza A virus [18] and dengue virus [19].
Longitudinally obtained HIV sequences analyzed with
such techniques can also be used to investigate the di-
rection and timing of a specific transmission event [20,
21] and to describe the dynamics of the HIV sub-
populations within the host [22-27]. In the current study,
we use discrete Bayesian phylogeographic methods to
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analyze longitudinally isolated HIV sequences generated from
blood specimens paired with specimens from either the genital
or the nervous compartment to characterize intrahost dynam-
ics of HIV compartmentalization, especially viral migration
and repopulation of sampled compartments.

METHODS

Sequence Data

We selected published studies that had well-characterized
partial env sequences generated via clonal sequencing methods
[3,9,28,29] or single-genome amplification [5] from HIV RNA
in paired blood and seminal or cerebrospinal fluid (CSF) speci-
mens collected at >3 time points. There was no condition for
the time between sample collections. Available partial HIV
env sequences from longitudinal paired blood and seminal or
CSF specimens were downloaded from the Los Alamos se-
quence database [3, 5, 9, 28, 29]. All C2-V3 env sequences are
publicly available at GenBank, with the following accession
numbers: FJ159856 to FJ160261 [3]; AF098718 to AF098734,
AF256230 to AF256465, AF373037 to AF373043, AF535219 to
AF535859, AY005164 to AY005179, U00821 to U00843,
U13381 to U13388, and U96502 to U96608 [4]; IN393317 to
JN393413, JN393423 to JN393504, JN886090 to JN886221,
TN886222 to JN886300, JN886323 to JN886407, TN886408 to
JN886476, and JN886499 to JN886563 [29]; and AF535485 to
AF535859, AF535376 to AF535428, AF535272 to AF535375,
and AF535429 to AF535484 [28]. Fifteen individuals were in-
cluded with serial samples from at least 3 time points (Table 1).
A total of 543 partial env sequences derived from seminal
plasma specimens and 682 partial env sequences from blood
plasma specimens from 11 subjects [5, 9, 28, 29] were analyzed
to evaluate compartmentalization between blood plasma and
male genital tract HIV populations. Additionally, 184 CSF and
222 blood plasma viral clones from 4 additional individuals
were included in the study to evaluate viral compartmentaliza-
tion between the blood plasma and the CSF [3].

Sequencing Analyses

Multiple sequence alignments of the partial HIV env region
were reconstructed with MAFFT [32] and then manually edited
using BioEdit [33]. Sequences that could not be unambiguously
aligned were removed.

Phylogenetic/Evolutionary Reconstruction

A Bayesian Markov chain Monte Carlo (BMCMC) approach
was used to reconstruct phylogenies. Sampling dates were used
to calibrate the time scale of the trees in days. To incorporate
site of sampling, we used the discrete Bayesian asymmetric dif-
fusion approach [34] implemented in the BEAST software
package [35]. Briefly, BMCMC chains of 50 million generations
were performed for each analysis with a GTR + I'y substitution

model under an extended Bayesian skyline plot coalescent
model. All analyses were performed using an uncorrelated log-
normal relaxed molecular clock [35]. Tracer, version 1.5 (avail-
able at: http://beast.bio.ed.ac.uk/Tracer), was used to check for
convergence. Trees were visualized in FigTree, version 1.4.0,
after selecting the location state set for the nodes and their pos-
terior probability (Figure 1).

Location State Transition

We annotated sequences with the compartment of isolation as
a trait in the diffusion model and then estimated Markov jump
counts [36, 37] along the branches of the posterior tree distribu-
tion [38], using a continuous-time Markov chains model. This
method provided the expectations for the location state transi-
tions between anatomical compartments, the Markov jump
counts, and 95% highest posterior densities between the ana-
tomic compartments (Table 3) and the Markov jump densities
through time from these compartments (Figure 2).

Compartmentalization Analysis

We evaluated a battery of distance-based and tree-based
methods to test each individual data set for the presence or
absence of viral compartmentalization [39], using the HyPhy
software package [40].

Pairwise Distance Methods

We calculated the Wright measure of population subdivision
(Fsr) [41-45], which compares the mean pairwise distance
between sequences from within 1 compartment with the pair-
wise distance between sequences from different compartments
[41]. Statistical significance was derived via a population-
structure randomization test. We also estimated the nearest-
neighbor statistic (Snn) for each subset of sequences [43]. This
is a measure of how frequent neighboring sequences in the phy-
logenetic tree were isolated from the same compartment. For
our analyses, the distance matrices were calculated using the
Tamura-Nei93 genetic distance [44].

Tree-Based Method

The Slatkin-Maddison test [45] was used to evaluate compart-
mentalization, using a tree-based method. This method deter-
mines the minimum number of migration events between
compartments that will result in the phylogenetic tree under
evaluation. Statistical support was determined by comparing
this number of migration events to the number of events that
would be expected in a randomly structured population [39,
45]. These results were compared with the number of migration
events for 1000 randomizations of compartment labels on the
same tree. Evidence of restricted gene flow (ie, compartmentali-
zation) was documented (at a P value of .05) when <5% of the
replicates required as many or fewer migration events as in the
observed tree.
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Table 1. Data Summary
HIV RNA Load, Log1g Sequence
Sequences Sequences per Copies/mL, Mean (Range)  CD4* T-Cell Count, Length,
Time Points, Time Point, No., Follow-Up Cells/mm?, Nucleotides, GenBank
Subject Total BP  SP/CSF No. Mean (Range) Duration, d BP SP/CSF Mean (Range) No., Mean Accession Nos. Reference
G1 48 27 21 3 16 (11-21) 48 NA NA NA 609 AF256230-AF256286 [20]
G8 55 30 25 3 18 (17-20) 63 NA NA NA 627 AF256405-AF256465
WA 243 152 91 11 22 (17-30) 198 NA NA NA 426 AF535485-AF535859  [30]
WB 52 35 17 3 17 (11-25) 334 NA NA NA 648 AF535376-AF535428
WE 64 37 27 3 21 (19-24) 2071 NA NA NA 627 AF535272-AF535375
WF 52 29 23 5 10 (8-13) 1096 NA NA NA 639 AF535429-AF535484
L3 151 79 72 4 38 (19-45) 195 4.6(4.1-49) 3.7(3.0-4.0) 895 (847-958) 414 JN886090-JN886221  [31]
L7 164 79 85 4 41 (36-50) 98 5.0(4.9-56.2) 2.5(1.9-3.0) 428 (400-484) 413 JN886222-JN886300
P9 179 97 82 4 45 (40-50) 1155 4.3(4.0-4.6) 3.3(1.2-5.8) 638 (384-952) 413 JN393317-JN393413
X3 134 69 65 3 45 (43-46) 70 4.8(4.5-52) 3.6(3.3-3.8) 1123(890-1186) 413 JN886408-JN886476
M8 83 48 85 3 28 (8-48) 1052 5.4 (5-5.8) 4.0(3.8-4.2) 365 (3562-377) 338 GU597090-GU597321 [14]
P409 117 59 58 3 39 (38-40) 45 5.1(6.0-54) 4.1(1.7-5.4) 325 (270-394) 420 FJ159856-FJ160261 [7]
P486 119 60 59 3 40 (39-40) 11 52(5.0-565) 5.4(5.1-5.6) 461 (NA) 426 FJ159856-FJ160261
P686 55 44 1 3 18(10-23) 9 4.6(4.4-48) 25(2.3-2.6) 200 (NA) 426 FJ159856-FJ160261
P839 115 59 56 3 38 (37-40) 51 3.7(3.5-4.0) 3.1(2.8-3.6) 436 (293-579) 420 FJ159856-FJ160261

Abbreviations: BP, blood plasma; CSF, cerebrospinal fluid; HIV, human immunodeficiency virus type 1; NA, not available; SP, seminal plasma.
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Figure 1. Time-scaled Bayesian phylogenetic trees. Branches are colored according to the most probable location state of their descendant nodes, in
red (blood plasma), blue (seminal plasma), and green (cerebrospinal fluid [CSF]). Squares, diamonds, and triangles represent blood-, semen-, and CSF-
derived variants. Posterior probabilities of >.70 are indicated at the root of each branch. Time scale (in days before last time points) are also indicated
above each tree.
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Figure 2. Markov jump count density plot of viral migration between compartments. A, Subjects with paired blood and semen samples. B, Subjects with
paired blood and cerebrospinal fluid (CSF) samples. Migration from blood (BP), CSF, and seminal plasma (SP) are colored in red, green, and blue, respectively.

Statistics

Statistical analyses were performed using the Prism 6.0c soft-
ware package for Mac (GraphPad Software, San Diego, CA)
and R (R Development Core Team, 2010). Comparisons
between distance-based and tree-based compartmentalization
tests were evaluated with a Wilcoxon nonparametric pairwise t
test. Correlation between location state transitions (ie, Markov
jump count) and inferred migration events obtained from the
Slatkin-Maddison test within each individual were performed
with a nonparametric Spearman correlation test.

RESULTS

Study Participants and Collected Data Summary

Sequence data for paired blood and seminal plasma specimens
were collected from 11 ART-naive men [5, 9, 28, 46], and se-
quence data for paired blood plasma and CSF specimens were
collected from 4 ART-naive men [3]. A total of 904 partial HIV
env sequences were collected from blood plasma specimens
(range, 27-152 sequences for each individual), 543 from seminal

plasma specimens (range, 17-91 sequences for each individual),
and 184 from CSF specimens (range, 11-59 sequences for each
individual). All included partial env sequences were generated
using clonal sequencing methods [3, 28, 46], except for blood
plasma sequences from Butler et al, which were generated by
single-genome amplification [5]. The mean env sequence length
was 484 nucleotides (range, 333-648 nucleotides), and sequences
were sampled longitudinally with a mean of 4 time points per
subject (range, 3-11 time points) over a mean follow-up of 433
days (range, 9-2071 days; Table 1). Briefly, blood plasma HIV
RNA levels ranged between 2.5 and 5.4 log;, copies/mL (mean,
4.6 log;y copies/mL), and mean seminal plasma and CSF HIV
RNA were 3.4 log;y copies/mL (range, 2.5-4.0 log;o copies/mL)
and 3.8 (range, 2.5-5.4 log; copies/mL), respectively. The mean
CD4" T-cell count was 541 cells/mL (range, 200-1123 cells/mL).

Markov Jump Counts Correlate With Inferred Migration Events,
According to the Slatkin-Maddison Tree-Based Test of
Compartmentalization

Using previously developed distance-based and tree-based tests
of compartmentalization (Table 2), we found evidence for

1646 o JID 2014:209 (15 May) o Chaillon et al



Table 2. Analysis of Compartmentalization of Human Immunodeficiency Virus Type 1 env Between Cerebrospinal Fluid and Blood

Plasma
Test of Compartmentalization
Fst
Hudson-Slatkin-
Subject Days of Sampling Maddison Slatkin H Boos Kn Snn SM Comp?
CSF and blood plasma
P409 0 0 0 0 0 0 Yes
15 0.424 0.424 0.424 0.692 0.683 No
45 0 0 0 0 0 Yes
P487 0 0 0 0 0 0 Yes
4 0.001 0.001 0.001 0.106 0.009 No
11 0 0 0 0 0 Yes
P686 0 0 0 0 0 0.011 Yes
7 0 0 0 0 0 Yes
9 0 0 0 0 0 Yes
P839 0 0 0 0 0 0 Yes
7 0 0 0 0 0 Yes
51 0 0 0 0 0.008 Yes
Seminal and blood plasma
G1 0 0 0 0 0 0 Yes
34 0 0 0 0 0 Yes
48 0 0 0 0 0.075 No
G8 0 0.002 0.002 0.002 0 0 Yes
34 0.243 0.243 0.243 0.041 0.092 No
63 0.151 0.151 0.151 0.012 0.302 No
WA 0 0 0 0 0.003 0 Yes
61 0.717 0.717 0.717 0.006 0.018 No
84 0 0 0 0 0 Yes
98 0.864 0.864 0.864 0.037 0.212 No
105 0.2 0.2 0.2 0.003 0.138 No
113 0.41 0.41 0.41 0.012 0.279 No
119 0.818 0.818 0.818 0.047 0.376 No
128 0.169 0.169 0.169 0.014 0.215 No
133 0.013 0.013 0.013 0.009 0.096 No
170 0.001 0.001 0.001 0.007 0.164 No
198 0 0 0 0 0.002 Yes
WB 0 0.138 0.083 0.138 0.138 0.012 No
122 0.35 0.778 0.35 0.35 1 No
334 0.077 0.18 0.077 0.077 1 No
WE 0 0.582 0.582 0.682 0.817 0.834 No
1341 0.025 0.025 0.025 0.001 0.003 Yes
2071 0.46 0.46 0.46 0.923 1 No
WF 0 0 0 0 0 1 No
366 0.006 0.006 0.006 0.086 0.012 No
547 0 0 0 0 1 No
912 0 0 0 0.038 0.002 Yes
1096 0 0 0 0 0.013 Yes
L3 0 0.172 0.172 0.172 0.172 0.009 No
28 0.001 0.001 0.001 0.001 0 Yes
169 0.006 0.006 0.006 0.01 0 Yes
195 0 0 0 0 0 Yes
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Table 2 continued.

Test of Compartmentalization

Fst
Hudson-Slatkin-
Subject Days of Sampling Maddison Slatkin H Boos Kn Snn SM Comp?
L7 0 0 0 0 0 0 Yes
35 0.035 0.035 0.035 0.024 0.005 Yes
50 0.001 0.001 0.001 0 0 Yes
98 0.028 0.028 0.028 0.078 0.052 No
M8 0 0 0 0 0 0.033 Yes
320 0.35 0.35 0.35 0.154 0 No
1093 0.004 0.004 0.004 0 0.001 Yes
P9 0 0 0 0 0 0 Yes
9 1 1 1 0.142 0 No
737 0 0 0 0 0 Yes
1155 0 0 0 0 0 Yes
X3 0 0.604 0.1 0.604 0.604 0.036 No
21 0.176 0.215 0.176 0.176 0.004 No
70 0.509 0.012 0.509 0.509 0.274 No

Abbreviations: Fst, Wright measure of population subdivision; SM, Slatkin-Maddison; Snn, nearest-neighbor statistic.

@ Sample is defined as compartmentalized (Comp) if all tests show a Pvalue of < .05.

segregation of viral populations between CSF and blood at 10
of 12 sampled time points (83%). Maintenance of compart-
mentalization throughout all time points was observed for 3 in-
dividuals (P487, P686, and P839). In the 11 individuals with
sequence data from blood and semen specimens, 20 (43%) of
46 time points demonstrated compartmentalization. None of
these subjects maintained compartmentalization throughout all
of the analyzed time points.

To investigate the spatiotemporal dynamics of viral gene
flow between compartments, we applied a discrete Bayesian dif-
fusion model to the data, which allowed us to estimate the an-
cestral spatial location of HIV variants during the course of
infection. In other words, we were able to define compartment
of origin of sampled subpopulations and the migration of these
subpopulations over time. To validate our analytical method,
expected location state transitions between blood and CSF or
between blood and semen were first compared with the
number of inferred migration events according to the Slatkin-
Maddison test of compartmentalization, and we observed a sig-
nificant correlation between those 2 methods (Spearman R,
0.61; P =.002; Supplementary Figure 1). This correlation was
consistent among sequence data sets for paired CSF and blood
specimens and paired semen and blood specimens.

Application of a Discrete Bayesian Diffusion Approach to
Reconstruct the Gene Flow Between Compartments

By estimating the ancestral spatial locations of HIV variants,
we inferred the direction of viral gene flow from blood to

anatomic compartment fluid (CSF or seminal plasma) or
from anatomic compartment fluid to blood. Direction was
defined as a location state transition from the ancestral location,
similar to a “migration” of viral genetics. As examples, we
showed that blood plasma appeared to be the main location
from which seminal plasma variants are seeded throughout the
migration history of individual WF (Figure 1B). On the con-
trary, for individuals G1 (Figure 1A) and P686 (Figure 1C), we
found distinct compartment-specific clusters of variants in the
blood and the semen (G1) or CSF (P686). These tree topologies
are consistent with compartmentalized and independently
evolving subpopulations without replenishment from one loca-
tion to another.

In most cases, there was a reciprocal replenishment
between blood and anatomical compartments, with no diffe-
rence in the number of migration events from blood to anatom-
ic compartment or from compartments to blood (mean, 13
migration events from blood to semen or CSF [range, 0-34
events] and 13.3 migrations from CSF or genital tract to blood
[range, 1-43 events]; P = not significant, by the Wilcoxon pair-
wise ¢ test). With regard to CSF, we observed 2-directional mi-
gration between blood and CSF compartments for all but 1
individual (P686). Similarly, bidirectional gene flow was ob-
served between semen and blood for all but 1 individual (GI;
Table 3). Interestingly, both P686 and G1, who had unidirec-
tional gene flow observed (from blood only), had very few
overall inferred potential migration events (1-3 events;
Table 3).
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Table 3.
(CSF) or Semen and Blood Plasma

Longitudinal Analyses of Compartmentalization of Human Immunodeficiency Virus env Sequences From Cerebrospinal Fluid

Migration Events, Total No.

Markov Jump Count

Migration Events
From Plasma to CSF,

Migration Events

From CSF to Plasma, Gene Flow, Migration

Subject SM Test SM Test® (95% HPD)° No. (%)° No. (%)° Events per d
P409 0 19 31 (16-57) 16 (562) 15 (48) 0.69
pP487 0 22 25 (11-40) 12 (48) 13 (52) 2.27
P686 0 8 1(1-4) 0 1(100) 0.11
P839 0 13 17 (9-26) 4(24) 13(76) 0.33
Migration Events Migration Events
From Plasma to From Semen to
Semen, Plasma, No. (%)°
No. (%)°
G1 0 3 1(1-3) 0 1(100) 0.02
G8 0 11 19 (8-24) 11 (62) 10 (48) 0.30
WA 0 50 74 (50-102) 34 (42) 43 (58) 0.37
WB 0.633 12 27 (17-52) 15 (56) 12 (44) 0.08
WE 0.056 18 53 (34-65) 29 (65) 24 (45) 0.03
WEF 0 5 5 (4-11) 3 (60) 2 (40) 0.01
L3 0 20 24 (9-48) 12 (50) 12 (50) 0.12
L7 0 26 34 (16-46) 22 (65) 12 (35) 0.35
M8 0.016 9 37 (13-69) 16 (43) 21 (57) 0.04
P9 0 20 17 (11-29) 9 (53) 8(47) 0.01
X3 0.307 35 29 (14-62) 17 (569) 12 (41) 0.41

@ Total number of migration events was calculated by the Slatkin-Maddison (SM) test as implemented in HyPhy (57).
® Location state transitions estimated by Markov jump counts, with 95% high posterior densities (HPDs).
¢ Migration direction according to Bayesian discrete phylogeographic analysis. Gene flow was defined as the number of location state transitions per day.

Patterns of HIV Migration and Compartment Disruption During
the Course of Infection

To investigate the dynamics of viral migration between com-
partments during the course of infection, we summarized the
Markov jump density across compartments over time
(Figure 2). This approach allowed us to define HIV dynamics
in a natural time scale that complements previously described
interpretation of Bayesian phylogenetic tree topologies and
taxon origins (Figure 1). We identified different peaks of
Markov jump density, which reflect distinct waves of viral mi-
gration between compartments during the course of infection
(Figure 2). For example, for subject WF, we observed 2 main
peaks of viral migration from blood to the male genital tract
(579 and 838 days before the last sampling), as well as 1 major
peak from genital tract to blood (1125 days before the last sam-
pling date; Figure 2). For subject P839, we also observed distinct
peaks from blood to CSF (17 and 44 days before the last sam-
pling) and from CSF to blood (6 and 50 days before the last
sampling) over time (Figure 2). These results demonstrate tem-
porality of the bidirectional viral migration event between
blood and other anatomical compartments, as previously in-
ferred by the location state transitions (see the discussion
above). Therefore, these results suggest that disruption of viral

compartmentalization is a dynamic process, occurring inter-
mittently among HIV-infected individuals.

Potential Correlates of Viral Gene Flow Across Anatomical
Compartments

Next, we determined the potential correlates of disruption of
compartmentalization and factors that could influence viral
gene flow across compartments. For this purpose, we consid-
ered the viral gene flow per unit of time (mean, 0.34 migration
events/day [0.01-2.27]; Table 3) and available clinical and viro-
logical data. Specifically, we estimated the potential impact of
HIV RNA levels and CD4" T-cell counts for both CSF and
male genital tract compartment analysis. We also evaluated the
association of CSF pleocytosis with blood-CSF compartment
disruption. Although the sample size was small, we observed
trends toward an association between disruption of compart-
mentalization and CSF pleocytosis (P = .08).

DISCUSSION

A comprehensive characterization of how HIV colonizes,
adapts to, and migrates between various tissues in infected indi-
viduals can help elucidate how it is transmitted sexually and
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how the virus causes certain diseases, such as neurocognitive
dysfunction. By definition, viral compartments are character-
ized by a restriction of viral gene flow between different ana-
tomic compartments [1]. Understanding how HIV moves
between and repopulates compartments could also be useful
for understanding reservoirs in compartments that must be
considered when designing eradication studies. Here, we
applied a discrete diffusion model to a BMCMC phylogenetic
reconstruction of all available compartment-specific HIV se-
quence data. A Markov jump count analysis allowed us to
summarize not only the number of migration events but also
to determine the temporal characteristics of HIV gene flow
between blood plasma and male genital tract and CSF compart-
ments. This method, which has been used and validated at a
population scale to investigate epidemiological and spatiotem-
poral patterns of rapidly evolving viruses such as dengue virus
or influenza virus [18, 19, 47], had not been previously
applied to intrahost HIV spatiotemporal dynamics. Here, we
present the methods and demonstrate the utility of this ap-
proach in the evaluation of within host HIV viral compartment
dynamics.

To quantify the dissemination process of the virus across the
body, we estimated the Markov jump count of location state
transitions along tree branches, which identified multiple mi-
gration events occurring in both directions during the course of
infection. These reciprocal migrations across central nervous
system and male genital tract barriers illustrate the complex in-
termixing of HIV subpopulations within the host, suggesting
that the replenishment of anatomic compartments is a complex
and dynamic bidirectional process. Next, using a discrete Baye-
sian diffusion approach, we identified several unique tree topol-
ogies, reflecting different evolutionary and viral gene flow
patterns during the course of infection. The finding of indepen-
dently evolving subpopulations (eg, for subject G1 and P686;
Figure 1) argues for well-segregated and independently evolv-
ing variants in the different compartments, whereas the pres-
ence of multiple location state transitions (eg, for subjects WF
and P839; Figure 1) suggests a different process, in which viral
populations often mix between compartments. These results
remind us that the viral subpopulation residing within a partic-
ular cell type, tissue, or organ is not always a self-limited inde-
pendently evolving subpopulation but is an integrated part of
the whole HIV effective population.

The Bayesian phylogeographic inference framework used in
this study incorporates not only spatial but also temporal dy-
namics of viral gene flow. This approach allowed us to further
investigate the temporal dynamics of viral dispersal between
compartments during the course of HIV infection (Figure 2).
Again, we observed a bidirectional replenishment of viral com-
partments: viral gene flow moved relatively equally from blood
to the anatomic compartments and vice versa. These results
may contrast with the patterns of spread expected from

previous studies that argued for the blood compartment as the
predominant reservoir of viral replenishment [3]. Specifically,
we were able to distinguish asynchronous peaks of viral migra-
tion from and to blood over time, suggesting that viral disrup-
tion could be transient and directionally selected. Together,
these findings imply that viral gene flow across compartments
is far from a steady or consistent process and can vary consider-
ably during the course of infection. It also argues for the need
to investigate the numerous factors that could drive viral migra-
tion and related compartment disruption over the course of in-
fection, especially for planned eradication strategies.

Previous studies have provided insight into factors that may
influence HIV migration (or not) between compartments,
such as pleocytosis in CSF [3], which were reconfirmed in this
analysis. Other factors were also considered—the HIV load
in blood plasma, genital tract, and CSF, as well as the CD4"
T-cell count. None of these factors were correlated with viral
migration events, but this lack of association could be a conse-
quence of the limited size of the data set. Future studies involv-
ing careful clinical characterization of the subjects will be
necessary to identify factors associated with HIV migration
within the host, especially if all 3 compartments (ie, blood, CSF,
and semen) could be sampled simultaneously. Another possible
limitation of the study was the use of clonal and single genome
sequencing, which provide only a limited sampling of the viral
population in blood and compartments, introducing possible
sampling bias. As with all polymerase chain reaction (PCR)-
based standard sequencing methods, we also need to consider
potential PCR recombination in the data that were obtained
from population-based (or “bulk”) sequencing of cloned
samples [30] and its potential lack of sensitivity [31]. In addi-
tion to a limit of sensitivity, it is also critical to account for
biases that may be introduced by founder effect of the bulk
PCR procedure [48]. Reliable detection of minor variants with
next-generation sequencing method will help to more finely
explore HIV migration and compartmentalization.

The limited depth of sampling may also affect conclusions
about the directionality of viral migration events and about
compartmentalization itself, as determination of the population
structure dynamics are highly dependent upon adequate sam-
pling. Future studies should use next-generation sequencing
techniques to extensively sample the HIV populations in com-
partment fluids.

In summary, we used newly developed Bayesian phylogeo-
graphic methods to evaluate the dynamics and determinants of
HIV compartmentalization. Our results suggest the need to
consider that anatomical sites not only can restrict viral gene
flow, but that viral subpopulations can migrate back and
forth between anatomic compartments i.e., not always from
blood. This could have profound implications in eradication
studies that do not consider anatomic compartments in their
design.
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