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Abstract

The mucosal events of HIV transmission have been extensively studied, but the role of infected cells present in the genital
and rectal secretions, and in the semen, in particular, remains a matter of debate. As a prerequisite to a thorough in vivo
investigation of the early transmission events through infected cells, we characterized in detail by multi-parameter flow
cytometry the changes in macaque seminal leukocytes during SIVmac251 infection, focusing on T cells, macrophages and
dendritic cells. Using immunocytofluorescence targeting SIV proteins and real-time quantitative PCR targeting SIV DNA, we
investigated the nature of the infected cells on sorted semen leukocytes from macaques at different stages of infection.
Finally, we cocultured semen CD4" T cells and macrophages with a cell line permissive to SIV infection to assess their
infectivity in vitro. We found that primary infection induced strong local inflammation, which was associated with an
increase in the number of leukocytes in semen, both factors having the potential to favor cell-associated virus transmission.
Semen CD4" T cells and macrophages were productively infected at all stages of infection and were infectious in vitro.
Lymphocytes had a mucosal phenotype and expressed activation (CD69 & HLA-DR) and migration (CCR5, CXCR4, LFA-1)
markers. CD69 expression was increased in semen T cells by SIV infection, at all stages of infection. Macrophages
predominated at all stages and expressed CD4, CCR5, MAC-1 and LFA-1. Altogether, we demonstrated that semen contains
the two major SIV-target cells (CD4+ T cells and macrophages). Both cell types can be productively infected at all stages of
SIV infection and are endowed with markers that may facilitate transmission of infection during sexual exposure.
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infectiousness [4]. This suggests that semen leukocytes may also be
an important factor to be taken into account when considering the
mucosal transmission of HIV. In the first few years of the HIV
epidemic, the hypothesis that HIV could be efficiently transmitted
by infected cells, through direct cell-to-cell contact, was proposed,
as most retroviruses spread in this way [5].

It is now clearly established that HIV does indeed spread through

Introduction

More than 33 million people are currently living with HIV/
AIDS worldwide. Almost 80% of new infections occur through
sexual intercourse. Semen is thus one of the major factors in HIV
transmission. Most studies on HIV sexual transmission have
focused on the role of cell-free particles, and the underlying
mechanisms of transmission have been extensively described.
Moreover, most attempts to develop HIV vaccines and microbi-
cides have focused on blocking cell-free virus transmission. The
rectal and vaginal exposure of macaques to free SIV particles has
been widely used in studies of the sexual transmission of HIV and
evaluations of the efficacy of prophylactic strategies [1,2]. Most
challenge studies use viruses produced i witro in the culture

cell contacts [6,7]. Moreover, in reconstituted mucosal models,
HIV-infected cells efficiently transmit the virus across epithelial
barriers. If the epithelial surface is intact, viral translocation involves
transcytosis, which is favored by viral synapses between productive
cells and epithelial cells [8,9], or direct uptake by local target cells,
such as Langerhans cells, macrophages and intraepithelial T cells

supernatants of human and nonhuman primate (NHP) cells.
However, genital secretions, including semen, contain HIV in
both cell-free and cell-associated forms. The prevalence of proviral
DNA in semen ranges from 21% to 65% in HIV-infected patients,
and high levels of viral DNA have been associated with high
leukocyte counts in semen [3]. Moreover, leukocytospermia, the
incidence of which is higher in seropositive than in seronegative
individuals [3], has been associated with a high degree of semen

PLOS Pathogens | www.plospathogens.org

[10,11]. We and others have demonstrated that the vaginal
inoculation of humanized mice and macaques with infected
leukocytes induces systemic infection. Inoculated CFSE-labeled
cells were found in the vaginal tissue and the draining lymph nodes
within 21 h, suggesting that these cells were able to migrate through
the mucosal epithelium and to disseminate rapidly [12,13].

We have reported that macrophages and CD4" T cells present
in the various secretory glands of the male NHP genital tract may
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Author Summary

Human Immunodeficiency Virus infection is predominantly
transmitted by mucosal exposure, after sexual intercourse.
Although substantial progresses have been recently
achieved in our understanding of the mechanisms of HIV
mucosal transmission, many questions remain. Semen is
one of the major sources for HIV which contains both cell-
free viral particles and viral infected cells. However, today,
the role of cell-associated virus has been largely under-
studied. We provide here a detailed characterization of the
semen leukocyte populations in the highly relevant
experiment model of SIV infection of macaques. We
demonstrate that the major target cells for the virus,
CD4" T cells and macrophages, are present in macaques
semen at all stages of infection. Both cell types are
productively infected in vivo and are endowed with
adhesion and migration markers that may facilitate virus
transmission during sexual exposure. The acute phase of
infection is associated with a strong seminal inflammation
that may increase semen leukocytes infectivity. This work
supports for a role of cell-associated virus in HIV
transmission which needs to be considered for the design
of prevention strategies.

efficiently seed the semen with free viral particles and infected cells
[14]. However, semen from NHP is difficult to collect and process,
so previous studies made use of spleen cells from infected animals
(our reported work) or ex viwo infected PBMCs, as semen cell
surrogates [12,13,15]. These cell-associated virus stocks may not
be representative of leukocyte-infected populations in semen.
Indeed, semen leukocytes, like mucosal cells, may have a
distribution and differentiation and activation phenotypes different
from those of blood and spleen cells. Therefore, it is of prime
importance to thoroughly investigate the nature and characteris-
tics of the potential cell transmitters in the semen of NHP, since
this model is unique to decipher in vivo the early events of HIV
sexual transmission.

Very few studies have focused on the nature and phenotype of
the infected cells present in semen. There is still no formal proof
that these cells can transmit HIV across mucosal barriers, and the
mechanisms potentially involved have yet to be identified. An
understanding of the contribution of semen leukocytes to the
sexual transmission of HIV may have significant implications for
prevention strategies.

We aimed to carry out a more detailed characterization of the
infected cells present in semen, elucidating their role in mucosal
transmission, in the experimental infection of macaques with
pathogenic SIVmac251 model. We focused on characterization of
the semen leukocyte populations, the nature of the infected cells
and their capacity to transmit infection i vitro. We demonstrated
that all major viral target cells, including CD4" T cells and
macrophages are productively infected at every stage of infection.

Results

Virus shedding in the semen of SIVmac251-infected
macaques

We assumed that, similarly to men, macaque semen contains
various types of infectious material, including free viral particles
and infected leukocytes, and that current challenge studies in NHP
models of HIV and AIDS do not fully reproduce the conditions of
natural transmission. We analyzed the dynamics of free virus
shedding in macaque semen, in longitudinal and transverse studies
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in cynomolgus macaques infected with pathogenic SIVmac251. As
in HIV-infected patients, we found a strong positive correlation
between blood plasma (PVL) and seminal plasma (SVL) viral RNA
(VRNA) loads (Spearman r=0.6381, p=0.0001, »n=230)
[16,17,18,19]. After the first month of infection, SVL is variable
and correlated with PVL (Fig. 1 A-B). Mean SVL remained
systematically equal to, or lower than PVL (Fig. 1 B). However, as
observed in humans, discordant profiles are also observed.

Changes in semen leukocytes in SIVmac251-infected
macaques

We investigated whether semen leukocytes could be infected
and play a role in the mucosal transmission of HIV/SIV, by
carrying out a detailed characterization by multiple approaches.
We first compared semen cells from uninfected and SIVmac251-
infected cynomolgus macaques at various stages of infection.

In uninfected animals, the semen contained various amounts of
leukocytes, the numbers of which were strongly correlated with
markers of inflammation (Fig. 2 A). Indeed, leukocytospermic
individuals had significantly higher concentrations of inflammato-
ry cytokines, including IP-10 (p=0.0157), MIP1p (p = 0.0002), IL-
6 (p=10.0004), RANTES (p=0.0007), IL-8 (p=0.0007) and MCP-
1 (p=0.0089), in seminal plasma. The levels of all these molecules,
except MIP-1p, were affected by SIV infection (Table S1). IP10,
11-8 and RANTES concentrations were significantly higher in the
seminal plasma of macaques during primary infection than in
uninfected macaques. The concentrations of IL-8, RANTES, IL-6
and MCP-1 were correlated with PVL and/or SVL.

At steady state, macaque semen contains mostly polymorpho-
nuclear cells (PMN, CD45*CD11b*HLA-DR ™, 26.02%=*6.70%
of total CD45" cells), macrophages (CD45*CD3~CD8” CDI11b*
HLA-DR™, 22.22%*5.06% of total CD45" cells) and T cells
(8.15%*1.94% CD4" T cells and 8.11%=2.36% CD8" T cells;
Fig. 2 B, Fig. S1). A small proportion of dendritic cells was also
identified, corresponding to a mean of 1.87%%*1.20% of total
CD45" cells (Fig. S1). Inflammation affected the proportions of
macrophages and PMN, with a significant increase of the
proportion of macrophages among total CD45" cells (Mann-
Whitney test, p=0.0022) and a relative decrease in the proportion
of PMN (Mann-Whitney test, p=0.0769; Fig. 2 B).

In infected macaques, leukocytospermia was associated with a
higher SVL than in macaques with small numbers of semen
leukocytes (Mann-Whitney test, p=0.0372; Fig. 2 C). In these
animals, the number of CD45" events was strongly correlated with
SVL (Spearman correlation, p=0.0008, r = 0.6858). Interestingly,
85.7% (6/7) in the primary phase of infection (10-14 dpi)
displayed leukocytospermia (Mann-Whitney test, p=0.0062),
whereas no significant difference in the number of CD45" events
acquired was found between uninfected and chronically infected
macaques (Fig. 2 D). The percentages of macrophages and PMN
were not significantly affected by infection, but the T—cell
population was significantly modified (Fig. 2 E). Semen CD4" T
cells were strongly and persistently depleted (2.50% =0.78%), from
primary infection onwards (Mann-Whitney test, »=0.0076 and
0.0077, respectively; Fig. 3 C-D). In contrast, the proportion of
CD8" T cells tended to be increased by the infection.

Interestingly, three of the inflammatory molecules increased by
leukocytospermia were found also significantly increased in the
semen of macaques during the primary infection (10-14 dpi): IP-
10, RANTES and IL-8 (Mann-Whitney test, p=0.01, 0.0007 and
0.0027 respectively; Fig. 2 F). Moreover, the seminal levels of
RANTES and IL-8 significantly correlated to both PVL (Spear-
man correlation, p=0.0004, r =0.6857 and p<<0.0001, r =0.7445
respectively) and SVL (p=0.0023, r=0.6031 and p<0.0001,
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Figure 1. Viral shedding in blood and semen in macaques. (A-B) Longitudinal follow-up of RNA viral loads in blood (A) and seminal plasma (B)
in 8 macaques infected intravenously with high doses of SIVmac251 (5,000 AlDs); each animal is represented by different dot. The solid black line
indicates the mean PVL. The dotted horizontal line represents the limit of quantification (111 and 37 copies/ml in blood and semen plasma
respectively).

doi:10.1371/journal.ppat.1003810.g001

r=0.7494 respectively). Their levels returned to baseline levels at

chronic stages.

The percentage of CD4" T cells among total semen T cells was
negatively correlated with blood plasma viral load (Spearman

correlation, p=0.013, r=—0.5323; Fig. 3 A). Conversely the

proportions of CD4" T cells among total CD3" T cells in semen

and blood were positively correlated (Spearman correlation,
$<0.0001, r=0.679; Fig. 3 B).
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Figure 2. Semen leukocytes in macaques. (A) Seminal concentrations of six pro-inflammatory molecules in normal and leukocytospermic
animals. (B) Proportion of each studied leukocyte subset among total CD45" cells. (C) Semen VRNA load in SIV* macaques with normal (n= 11, blue
circle) or leukocytospermic (n=38, half plein black circles) semen. (D) Number of CD45" events acquired by flow cytometry per sample since the total
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The dotted line represents the leukocytospermia threshold (10,000 CD45" events acquired) (n = 13). (E) Proportion of each subset among total CD45*
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RANTES and IL-8, red diamond).

doi:10.1371/journal.ppat.1003810.g002
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infection; mean and SEM are represented. (D) Longitudinal follow-up of CD4* and CD8* T cells, CD11b" HLA-DRPright macrophages, CD1 1b°119ht Hi A-
DR™ polymorphonuclear cells and CD141* dendritic cells, including CD123* pDCs. Dot plots from a representative animal infected with 5,000 AlDsg
IV. (E) Longitudinal follow-up of CD11b" HLA-DR®"®"* macrophages in 6 macaques infected with 5,000 AlDs, IV; each line represents an animal. (F)

Longitudinal follow-up of CD123" CD141* pDCs in 4 SIV" macaques.
doi:10.1371/journal.ppat.1003810.g003

Macrophages remained detectable in the semen at all stages of
infection, with no significant change to the mean proportion
among total CD45" cells (Fig. 3 D-E). However, their frequency in
semen was highly variable among individuals (Fig. 3 E).

Finally, CD141" dendritic cells were also present in low quantity
in the semen of SIV-infected macaques (Fig. 3 F). This population
exhibited a tendency to decrease during primary infection (14 dpi),
although non significantly, as this analysis could be performed only
in 3 animals due to small proportion of these cells in semen
(Wilcoxon test, p=0.25, n=3)

We can conclude from this first analysis that all cell types
targeted by the virus are present in the semen and that significant
changes in the numbers occur in macaques infected with SIV.

Infection of semen CD4" T cells and macrophages

SIVmac251 DNA, despite being detected at low frequency in total
semen DNA extracted from spermatozoa and semen leukocytes
could be amplified by nested PCR with primer pairs binding to gag.
During the first month of infection, SIV DNA was detected in 87.5%
of the tested animals (7 of 8 macaques), whereas 66.67% macaques
at chronic stage (10 of 15 macaques at 3 months of infection or after)
were tested positive. Similar results have been reported for men
infected with HIV [17,20,21,22,23,24,25,26,27,28].

In macaques, sorted CD4* T cells and macrophages contained
SIV-DNA (Fig. S3), as demonstrated by quantitative real-time
PCR (Table 1). SIV-DNA* CD4* T cells and macrophages were
detected as early as 7 dpi, and in 100% of the sorted fractions at
10 dpi. During chronic infection (>90 dpi), SIV-DNA remained
detectable but was below the quantification limit (<90 copies). In
general, infected cells were more frequently found in the CD4" T
cells fraction and the proportion of infected cells among the total
sorted cells was higher than the macrophages fraction.

We also demonstrated, by immunocytofluorescence, that
CD45%-enriched fractions of semen leukocytes contained T cells
(CD3") and macrophages (CD163") harboring SIV proteins in
macaques at 28 and 65 dpi (Fig. 4). These results are consistent
with real-time PCR results for sorted cells, confirming that both
CD4" T cells and macrophages in semen can be infected with
SIVmac251.

Finally, semen leukocytes were found to be productively infected
with SIVmac251 during both primary and chronic infection.
Transmission could be achieved, albeit with various degrees of
efficacy, with both CD4" T cells and macrophages cocultured with
CEMx174 susceptible cells (Fig. S3 A-D).

Semen CD4" T-cell phenotype

As semen CD4" T cells were found to be productively infected,
we investigated their differentiation, activation and migratory
profiles, with a view to determining their potential contribution to
the mucosal transmission of HIV.

At steady state, most semen CD4" T cells (94.57% *4.57%) co-
expressed CD95" and CD28" and could therefore be considered
to have a central memory phenotype (Tcem cells, Fig. 5 A), whereas
such co-expression was less frequent in peripheral blood CD4* T
cells (58.02%=*8.10, Mann-Whitney test, p<<0.0001, Fig. 5B).
Interestingly, memory CD4" T cells are the preferential targets of
HIV, and these cells are also the principal producers of viral

particles [29,30,31].

PLOS Pathogens | www.plospathogens.org

CD69 expression on Tem CD4" cells is an early marker of
activation and proliferation and HLA-DR is a late activation
marker. In uninfected macaques, the percentage of CD69" cells
among semen CD4" T lymphocytes was 26.8 times higher than
that among blood cmCD4" T cells, and the percentage of HLA-
DR cells among semen CD4" T cells was four times that for the
corresponding  lymphocytes in  blood (Mann-Whitney test
$<<0.0001 and p=0.0002 respectively; Fig. 5 D). Infection with
SIV resulted in a significant increase in the proportion of CD69-
expressing CD4" T cells, beginning in primary infection (Mann-
Whitney test, p=0.042; Fig. 5 F). We observed a significant,
transient decrease in the proportion of HLA-DR™ cells among
semen CD4" T lymphocytes at 14 dpi (Wilcoxon matched paired
rank test, p=0.031), followed by a rapid return to baseline levels.

We also studied the expression of CCR5 and CXCR4, two
major coreceptors for HIV/SIV which are also markers of cell
migration (Fig. 5 G-H). In uninfected macaques, semen T cells
expressed both CCR5 and CXCR4 on their surface, with CCR5*
cells more numerous than CXCR4" cells. A small proportion of
double-positive  CCR5*CXCR4" T cells was also detected
(5.512%=*3.301). In infected macaques, the proportion of
CCR5" cells was significantly higher among CD4" T cells (1.98
times higher, Mann-Whitney test, p=0.0022; Fig. 5 H). This
difference probably reflects the activation of T' cells. Intracellular
staining showed that all cells were positive for CCR5 and CXCR4,
providing evidence of highly regulated surface expression (Fig. S4
A).

Finally, we studied LFA-1 expression in semen T cells. This
integrin plays a crucial role in T-cell adhesion to epithelial cells
and migration through mucosal tissues. Moreover, LFA-1 has
been shown to be an important component of the virological
synapse, which mediates the efficient cell-to-cell transmission of
HIV-1 [32,33]. LFA-1 is formed by the a-chain CD11a and the -
chain CD18. All CD4" T cells express CD11a, but only a fraction
of these cells express the complete form of LFA-1 (CD11a/CD18;
Fig. 5 I]). In our study, most of the CD4" T cells in semen were
CD11a"CD18" (60.60% *6.18 at steady state), and the proportion
of these cells was not affected by SIV infection (Fig. 5 J).

Thus, semen CD4" T cells were highly activated. They
expressed CCR5 and had a memory phenotype. This profile is
typical of mucosal cells [34], and makes semen T cells a potential
target for virus infection and replication. These lymphocytes also
express migratory and adhesion factors, which might strengthen
virological synapse formation and increase the capacity of the cells
to migrate towards chemokine-producing tissues and, therefore,
the capacity to transmit infection.

Semen antigen-presenting cells phenotype

Macaque semen contains a population of antigen-presenting
cells (APCs) that is heterogeneous in terms of morphology (using
CD45 versus SSC-A) and HLA-DR expression (Fig. 3 and Fig. S1).
We identified two major populations of APCs on the basis of the
intensity of CD11b expression: a) a population of HLA-DR™s"/
CD11b™dtoPrisht cells, consisting mostly of macrophages, and b) a
population of HLA-DR™4Prisht/aD11h *© ™4 cells, including
dendritic cells.

Macrophages were the most abundant HIV/SIV target cell in
semen. Variable intensities of CD163, CD14 and CDIl1b
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Table 1. Quantification of SIV DNA copies in sorted semen CD4" T cells and macrophages at various stages of infection.
Number of SIV DNA
Animal ID Days post-infection Cell type Number of sorted cells copies
BB259 7 Macrophages 16,763 <LD
7 CD4" T cells 4,892 3-90
BB461 7 Macrophages 25,288 <LD
7 CD4* T cells 6,305 <LD
BB343 7 Macrophages 2,065 3-90
7 CD4* T cells 190 3-90
31047 10 Macrophages 6,250 3-90
10 CD4" T cells 1,250 680.43
10999 10 Macrophages 13,100 3-90
10 CD4" T cells 2,286 3-90
29860 10 Macrophages 27,369 3-90
10 CD4™ T cells 6,494 3-90
31052 10 Macrophages 3,759 3-90
10 CD4* T cells 906 3-90
30602 28 Macrophages 12,115 <LD
28 CD4" T cells 1,002 3-90
30690 28 Macrophages 30,836 <LD
28 CD4™ T cells 8,430 3-90
31044 28 Macrophages 209,059 3-90
28 CD4™ T cells 12,222 3-90
30717 135 Macrophages 4,359 <LD
140 Macrophages 3,862 3-90
162 Macrophages 2,853 <LD
135 CD4* T cells 689 3-90
140 CD4" T cells 298 3-90
162 CD4* T cells 759 3-90
21362R 135 Macrophages 623 <LD
140 Macrophages 286 <LD
162 Macrophages 1,037 <LD
135 CD4™ T cells 73 3-90
140 CD4" T cells 27 <LD
162 CD4* T cells 102 3-90
30838 244 Macrophages 4,004 <LD
249 Macrophages 4,987 <LD
271 Macrophages 5,853 3-90
244 CD4™ T cells 163 3-90
249 CD4" T cells 130 3-90
271 CD4™ T cells 241 3-90
10999 344 Macrophages 314,146 <LD
344 CD4" T cells 10,605 3-90
29860 344 Macrophages 109,243 <LD
344 CD4" T cells 23,201 464.74
30690 367 Macrophages 35,577 3-90
367 CD4" T cells 873 3-90
31044 372 Macrophages 21,810 <LD
372 CD4™ T cells 4,795 3-90
LD: limit of detection (3 viral DNA copies).
doi:10.1371/journal.ppat.1003810.t001
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Figure 4. SIV antigens in semen CD4" T cells and macrophages.
(A-D) Immunocytofluorescence staining targeting CD3 (red), CD163
(green) and SIV Nef (pink) on cytospun CD45™-enriched semen cells
from SIV* (B,D) and uninfected macaques (A,C). Nuclei are stained using
DAPI (blue), visible on merged figures (B) SIV" macaque at 28 dpi. (D)
SIV* macaque at 65 dpi.

doi:10.1371/journal.ppat.1003810.9g004
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expression were observed (Fig. 6 A), resulting in the definition of
three different subsets. The most frequent of these subsets was
CD163P M CD 14778 cells (31.59%=3.51 of CD11b" HLA-DR*
cells), 74.27%+5.01 of which were CD11b""" (Fig. 6 B-C). This
profile is typical of activated macrophages. The second subset was
CD163™ICD14"Y cells (27.24%%2.39), and the third was
CD163°"CD14~ cells (mean 29.26%=*3.84). This last subset,
which may also include dendritic cells, contained equal propor-
tions of CDI1b"™™ and CD11b™9 cells (57.44%*6.80 and
53.11%=7.06, respectively). The proportion of CD11b™ ™ cells
in subset 1 was significantly different from those in subsets 2 and 3
(Mann-Whitney test, p=0.011 and p=0.003, respectively). All
semen macrophages expressed CD4 (Fig. 6 D-E). We also found
no significant difference in macrophages CD4 expression between
uninfected and SIV-infected macaques (Fig. 6 E).

Interestingly, HLA-DR expression was found to be decreased at
14 dpi, both on semen macrophages and on CD4" T cells (Fig. S5
A, Fig. 3 D). By contrast, CD11b had increased (83.70% *£2.03%
of CDI1b™&"; Wilcoxon test, p=0.0313, Fig. S5 B). The
concentrations of the pro-inflammatory chemokines MCP-1,
MIP-1f and IL-8, which are produced principally by macrophag-
es, also decreased transiently at this time point (Fig. S5 C). These
observations indicate that the acute peak of SVL is accompanied
by major changes to the activation and maturation profiles of
semen macrophages.

Semen macrophages strongly expressed CCR5 at the mem-
brane, and this expression was not affected by SIV infection (Fig. 6
F-G). By contrast, the proportion of CXCR4" cells was
significantly higher in infected than in uninfected macaques
(Mann-Whitney test, p=0.011), although this proportion re-
mained low (2.96%*0.31). As for CD4" T cells, almost 100% of
semen macrophages contained intracellular CCR5 and CXCR4,
indicating high levels of turnover for these molecules (Fig. S5 B).

Most semen macrophages expressed LFA-1 (76.93%*2.79 at
steady state). The expression of this molecule was significantly
decreased by SIV infection (Mann-Whitney test, p = 0.049; Fig. 6
H, ]). CD11b" macrophages also expressed Mac-1 (49.08% *
2.678, Fig. 6 I). This integrin is formed by the a-chain CD11b and
the B-chain CD18. The mean proportion of double-positive cells
was increased significantly (p =0.028) by SIV infection (Fig. 6 J).

Discussion

We report here in a macaque model of transmission the first
comprehensive characterization of semen leukocytes with the
potential to transmit HIV/SIV infection across mucosal barriers.
This study was carried out with cynomolgus macaques infected with
pathogenic SIVmac251, which is recognized as the most relevant
experimental model for studies of HIV infection pathogenesis and
mucosal transmission [13,35,36,37]. However, the fact that we used
a unique virus isolate, does not allow full representation of the
diversity of the HIV-1 populations found in the semen of infected
men. Although it is dual-tropic, it is well established that
SIVmac251 shows a high tropism for macrophages [38] which is
not the case for a significant proportion of founder HIV. Therefore
we cannot exclude that our model over estimates the role of
macrophage-tropic strains of HIV-1 in transmission.

Macaque semen was found to be very similar to human semen,
with similar distributions and phenotypes of semen leukocytes in
these two species. Moreover, the dynamics of viral RNA shedding
in the semen of SIVmac251-infected macaques was similar to that
reported for men. Seminal plasma viral load was correlated with
blood plasma vRNA, although some discrepancies were observed
in untreated animals.
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doi:10.1371/journal.ppat.1003810.g005

Leukocytospermia is frequent in humans and macaques and
has been reported to be associated with higher levels of HIV
DNA in humans, suggesting that semen leukocytes may
contribute to virus transmission across mucosal surfaces [3]. We
show here that the presence of large numbers of leukocytes in

PLOS Pathogens | www.plospathogens.org

semen is associated with high levels of inflammation markers (IL-
6, IL-8, MIP-1B, MCP-1, RANTES and IP-10). Concentrations
of these cytokines were correlated with blood and/or seminal
plasma viral load. Interestingly, in SIV-infected macaques,
leukocytospermic animals had higher seminal vRNA. Moreover,
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doi:10.1371/journal.ppat.1003810.g006

during primary SIV infection, the semen is highly inflammatory
and contains large numbers of macrophages, a major target of

HIV.

As in other compartments, CD4" T cells were rapidly and
profoundly depleted in the semen of SIV-infected macaques.
These cells have a central memory phenotype (CD95*CD28") and
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express CCRS5, a profile typical of resident mucosal T cells
[31,39,40]. A large proportion of cells expressed CD69, an
activation marker observed at all stages of infection. If infected,
semen CD4" T cells should be able to produce replicative viral
particles.

Despite the high degree of CD4" T-cell depletion in semen, SIV
DNA was detected in these cells at all stages of infection. Only a
few CD4" T cells could be sorted from semen, but these cells
transmitted the infection when cocultured in vitro with a permissive
cell line, demonstrating their considerable capacity to produce
infectious SIV. However, in the context of chronic infection, CD4*
T cells are present in very small numbers and therefore probably
have a very small impact on virus transmission. Further studies are
required to confirm this hypothesis.

In our study, semen macrophages formed a heterogeneous
population, with different levels of CD163, CD14 and CD11b
expression. This population also expressed markers of activation
and migration. Interestingly, semen HLA-DR* APCs contain SIV
DNA at all stages of infection, including the first weeks after
infection. Moreover, like T cells, these cells were able to transmit
infection to CEMx174 cells when collected at the primary and
chronic stages of infection. Thus, semen APCs are also produc-
tively infected and produce replication-competent viral particles.
Macrophages from chronically infected and leukocytospermic
individuals are therefore major candidates for involvement in cell-
associated virus transmission.

We also identified other types of APC in semen. This is the first
study to report the presence of dendritic cells (DCs), including
pDCs, in the semen of infected macaques. More studies are
required to characterize semen DCs, particularly for the CD141*
CD123" subpopulation, and their role in the dissemination of
viral particles requires investigation.

We found that a large proportion of semen CD4" T cells and
macrophages expressed CCR5, one of the co-receptors of HIV/
SIV. The expression of this coreceptor was significantly stronger in
infected than in uninfected macaques. This predominance of
CCR5" viral target cells might also account for most of the
transmitted viral founders, after mucosal exposure, being R5
strains. It also provides support for the role of cell-associated virus
transmission, because semen leukocytes have a migratory and
mucosal profile, and are therefore able to migrate to tissues
producing RANTES, MIP-1oc and MIP-1, such as the cervico-
vaginal mucosa [41]. Furthermore, semen T cells and macro-
phages express high levels of LFA-1 and/or Mac-1 integrins. Both
play an important role in leukocyte adhesion to epithelial cells and
transmigration. LFA-1 has also been described as a key player in
virological synapse formation and virus transmission [32,33].

Taken together, these data suggest that infected semen
leukocytes may play a role in mucosal transmission, even if
present in very small numbers. This hypothesis is supported by the
observation that infection may be initiated by a very small number
of transmission events [42,43,44,45]. Mucus, low pH and natural
microbicidal molecules secreted by the genital and rectal mucosa
may be less effective against infected cells than against free viral
particles. In this scenario, semen leukocytes may act as Trojan
horses, protecting cell-associated virus from host mucosal defenses
[3].

It remains nevertheless hard to evaluate the relative impact of
cell-associated HIV in mucosal transmission in comparison to
free viral particles. Although viral DNA is detected in semen
leukocytes at all stages of infection, in our model, SIV-DNA is
present in quantifiable and substantial amounts only during the
acute phase of infection. The first weeks of infection may
therefore represent a restricted window of opportunity for
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cell-associated virus transmission, whereas infected semen leuko-
cytes may not play a substantial role during the chronic stage.

Materials and Methods

Ethics statement

Adult cynomolgus macaques (Macaca fascicularis) were imported
from Mauritius and housed in the facilities of the “Commissariat &
PEnergie Atomique et aux Energies Alternatives” (CEA, Fonte-
nay-aux-Roses, France). Non-human primates (NHP, which
includes M. fascicularis) are used at the CEA in accordance with
French national regulation and under national veterinary inspec-
tors (CEA Permit Number A 92-032-02). The CEA is in
compliance with Standards for Human Care and Use of
Laboratory of the Office for Laboratory Animal Welfare (OLAW,
USA) under OLAW Assurance number #A5826-01. All exper-
imental procedures were also conducted accordingly to European
guidelines for animal care (European directive 86/609, “‘Journal
Officiel des Communautés Européennes”, L1358, December 18,
1986). The use of NHP at CEA is also in accordance with
recommendation with the newly published European Directive
(2010/63, recommendation N°9). No suffering was specifically
associated with vaginal treatment of macaques. The animals were
used under the supervision of the veterinarians in charge of the
animal facility. This study was part of the European microbicides
project Combined Highly Active Anti-Retroviral Microbicides
(CHAARM), which NHP studies were accredited by ethical
committee “Comité Régional d’Ethique pour I'Expérimentation
Animale Ile-De-France Sud” under statement numbers 12-048
(December 6™ 2012) and 12-103 (December 31% 2012).

Animals, infection and sample collection

Adult male macaques were infected by intravenous or
intrarectal inoculation with a single dose of 50-5,000 50% animal
infectious doses (AID5p) of SIVmac251 [46]. Semen and blood
were collected from animals sedated by a 5 mg/kg intramuscular
mjection of chlorhydrate Tiletamine (50 mg) combined with
chlorhydrate Zolazepan (50 mg) (Virbac, Carros, France).

Ejaculation was performed by intrarectal electrostimulation of
nervous centers near the prostate, with a probe (12.7 mm
diameter) lubrified with conductor gel, and an AC-1 electro-
ejaculator (Beltron Instrument, Longmont, USA). Sequential
stimulations were performed, with a pattern of 6 cycles, each
cycle consisting of nine two-second stimulations followed by a
tenth stimulation lasting 10 seconds. The voltage was increased
every two cycles (1-3 'V for the first two cycles, 24 V volts for the
third and fourth cycles and 6-8 V for the last two cycles). If a
complete ejaculate had not been obtained after six cycles of
stimulation, a 7™ cycle of stimulation at 7-10 V was performed.
The complete ejaculate was immediately diluted in 1.2 ml of
phosphate-buffered saline (PBS) and centrifuged.

Blood sample were collected into K3EDTA tubes (BD
Biosciences, Le Pont de Claix, France).

Seminal plasma and cell preparation

Seminal plasma was isolated from total semen immediately after
collection, by centrifugation for 15 minutes at 775x g. The
seminal cell pellet was resuspended in 14 ml of complete medium,
consisting of RPMI-1640 medium enriched in glutamine (Invitro-
gen, Carlsbad, USA) supplemented with a mixture of penicillin,
streptomycin and neomycin (Invitrogen) and 10% FCS (Lonza,
Allendale, USA), and kept at room temperature for no more than
one hour. Cells were then centrifuged for 10 min at 1,500 g,
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filtered through a sieve with 70 uM pores and washed with 5 ml of
PBS supplemented with 10% FCS.

Blood and semen RNA viral load quantification

Blood plasma was isolated from EDTA-treated blood samples
by centrifugation for 10 min at 1,500% g, and stored frozen at
—80°C.. Seminal plasma samples were maintained on ice for no
more than one hour and were frozen at —80°C.. Semen vRNA was
prepared from 500 pl of seminal plasma with commercial kit
(QIAamp UltraSens, Qiagen, Courtaboeuf, France), according to
the manufacturer’s instructions. RT-PCR on blood and seminal
plasma RNA was performed as previously described (Karlsson,
2007, J Virol). The quantification limit (QL) was estimated at 111
copies/ml and the detection limit (DL) was estimated at 37 copies/
ml. Samples from chronically infected macaques on antiretroviral
treatment (ART) were treated in the same way, increasing the
amount of plasma to increase sensitivity (QL and DL of 37 and
12.3 copies of vRNA/ml, respectively).

Phenotypic characterization of semen leukocytes

Staining was performed on either whole blood or PBMC.
Except for whole-blood assays, staining was performed after the
saturation of Fc receptors by incubation with healthy macaque
serum (produced in-house) for 1 h at 4°C. Amine-reactive blue dye
(Live/dead Fixable, Life Technologies) was used to assess cell
viability and to exclude dead cell from the analysis. Cells were
stained with monoclonal antibodies by incubation for 30 min at
4°C, washed in PBS/10% FCS and fixed in commercial fixation
solution (CellFIX, BD Biosciences). Five different antibody panels
were used (see Protocol S1). Corresponding isotype controls for
CD163, CD14, CCR5, CXCR4, CD11la and CD18 were used at
the same concentrations as the reference antibody. Acquisition was
performed on a BD LSRII machine equipped with four lasers
(355, 405, 488 and 633 nm), with Flowjo v9 (Tree Star, Ashland,
OR) used for analysis.

Semen sample were considered leukocytospermic if it was
possible to acquire a minimum of 50,000 CD45" events per ml on
flow cytometry (consisting of 10,000 events per ejaculate, Iig. S6).
This cut-off was defined as the minimal required number of
acquired CD45" events to perform statistically relevant analysis of
the different populations of leukocytes.

Sorting of semen CD4" T cells and antigen-presenting cells
Total semen cells were filtered and washed (see above), and then
incubated for 15 min at 4°C with 20 pl of anti-CD45 magnetic
beads (Miltenyi Biotec) and washed once with 2 ml of cold PBS
supplemented with 0.5% BSA and 2 mM EDTA (sorting buffer).
The CD45" cell fraction was then enriched by magnetic bead
sorting, with LS columns (Miltenyi Biotec), used according to the
manufacturer’s instructions. Cells were eluted in 4 ml of sorting
buffer. Cells were stained as described above, using amine-reactive
blue dye (Life Technologies) to identify the dead cells, and the same
antibodies as for leukocyte phenotyping: CD45, CD3, CD8, CD4
and HLA-DR. Cells were washed twice and stored at 4°C in PBS/
10% FCS. Following the magnetic bead-based enrichment process,
CD4" T cells and HLA-DR* APCs were sorted by simultaneous
four-way sorting on a FACSAria flow cytometer (BD Biosciences).
The enrichment of cell fractions was estimated by flow cytometry
with BDDiva (BD Biosciences) and Flow]o software (see Fig. S2).

Detection of SIV DNA in the cellular components
After semen collection and the separation of the cellular
components from the seminal plasma, the cells were centrifuged
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and the cell pellet was kept at —80°C: until further tests. Nested
PCR targeting SIVmac251 gag was performed as previously
described [47]. Twenty tests were carried out for each semen DNA
sample. A second amplification was then carried out, as we
previously described [14].

After the sorting of CD4" T cells and macrophages, the cells
were washed once in PBS and centrifuged for 10 min at 1,500 x g.
The supernatant was discarded and the dry cell pellets were frozen
at —80°C. PCR was directly performed on cell lysates as we
previously described [37]. The number of cells was determined by
amplifying the CCR5 gene (see Protocol S2) with serial 10-fold
dilutions of SIV-negative PBMCis (starting with 1 million cells) as a
standard and a lysate of SIV-negative PBMCs and nuclease-free
water as the negative control. SIV DNA was quantified with serial
dilutions over five orders of magnitude of a pCR4-TOPO plasmid
(Invitrogen) containing the SIVmac251 gag cDNA sequence and
diluted in SIV-negative PBMCs as the standard. The quantifica-
tion threshold was 90 SIV-DNA copies and the detection
threshold varied between 1 and 3 copies of SIV-DNA (see Figure
S7).

Coculture of sorted semen leukocytes with CEMx174

After sorting, semen CD4" T cells and macrophages were
washed once with 10% FCS in PBS and transferred to a U-
bottomed 96-well plate. CEMx174 cells were added to each well,
the number of cells added being three times the number of sorted
cells. If this number was below 10,000 cells, we added a minimum
of 50,000 CEMx174 cells per well. Cells were cultured in a final
volume of 250 pl of complete medium (see above), at 37°C, under
an atmosphere containing 5% COs. The positive control was
CEMx174 cells cultured with 50 pl of highly concentrated
SIVmac251 particles, and the negative control was CEMx174
cells alone. Cells were passaged three or four days after the
initiation of the coculture and then every two or three days
thereafter. Coculture was stopped after 8 days. At each passage,
half the cell suspension was replaced with fresh medium.
Supernatants and cell pellets were cryopreserved at —80°C until
further analysis. SIV-DNA and SIV-RNA were quantified as
described above.

Immunofluorescence staining of cytospun semen cells

Cells were washed once in PBS, then diluted in a maximal
volume of 450 ul and cytospun on Superfrost slides at 5001 for
10 min, in a Cytospin 4 Cytocentrifuge (Thermo Shandon,
Thermo Fisher Scientific, Waltham, USA), at a concentration of
200,000 cells per spot. Cytospun cells were allowed to dry at room
temperature for two hours and were then fixed by incubation in a
mixture of 50% ice-cold methanol and 50% ice-cold acetone for
15 min. Slides were then allowed to dry at room temperature for
20 min and frozen at —20°C for later use.

Before staining, the slides were thawed and allowed to dry at
room temperature for 20 min. They were then washed three
times, for 5 min each, in PBS. Cells were permeabilized by
incubation with 0.025% Triton in PBS for 5 min and the slides
were then washed three times, for five minutes each, in PBS. Non
specific binding sites were saturated by incubation for 1 hour at
room temperature with 5% BSA and 10% macaque serum in PBS.
Immunofluorescence staining was performed with the following
antibodies: anti-CD3 Alexa Fluor 700 (BD Biosciences, clone
SP34-2), anti-CD163 Alexa Fluor 488 (BD Biosciences, clone
GHI/61) and anti-SIV nef (NIBSC, Center for AIDS Reagents,
clone KK75) and anti-SIV gp4l (NIBSC, Center for AIDS
Reagents, clone KK7a) both coupled with Alexa Fluor 594, in
10% BSA/0.05% Tween 20 in PBS, for 30 min, at room
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temperature, in a dark chamber. Slides were washed three times
with 0.05% Tween 20 in PBS and three times in PBS alone.
Finally, slides were mounted in anti-fade mounting medium which
stained nuclei using DAPI (ProLong, Invitrogen) and stored at 4°C
until further analysis.

Images were acquired with a Leica confocal microscope
(equipped with 4 lasers) and analyzed with Image] software. The
final images were generated with Adobe Photoshop.

Cytokine quantification in semen

Concentrations of I1L-6, IL-8, MIP-13 and MCP-1 in seminal
plasma were determined with the Milliplex Map Non-Human
Primate Cytokine Magnetic Bead Panel - Premixed 23-plex
(Merck Millipore, Darmstadt, Germany). The concentrations of
RANTES and IP-10 were determined with a 2-plex Milliplex kit.
Assays were performed in duplicate, with 25 ul of seminal fluid.
Samples were thawed at room temperature and centrifuged for
10 min at 1,500x g to harvest any cellular components.
Immunoassays were performed according to the manufacturer’s
instructions. Data were acquired with a Bio-Plex Instrument 200
and analyzed with Bio-Plex Manager Software version 6.1 (Bio-

Rad, Hercules, USA).

Data visualization and statistical analysis

All data visualization and statistical analyses were carried out
with GraphPad Prism 5.03 software (GraphPad software, La Jolla,
USA). Nonparametric Spearman’s rank correlation tests were used
to investigate the relationships between parameters. The non-
parametric Mann-Whitney test was used to compare groups of
macaques, and the nonparametric Wilcoxon rank sum test was
used to compare data from same macaques at different time
points, before and after SIV infection. P values of 0.05 or less in
two-tailed tests were considered significant, *:p<<0.05, **: p<<0.01,
wk p<<0.001, *#+*: p<<0.0001.

Supporting Information

Figure S1 Gating strategy for semen leukocyte charac-
terization. (A) Exclusion of all events other than those for
leukocytes; from left to right, doublets, cell debris and dead cells
are excluded and leukocytes are identified with the pan-leukocyte
marker CD45. (B) The SSC-A versus CD45 gate distinguishes
lymphocytes from macrophages and polymorphonuclear cells on
the basis of morphology. (C) CD11b and HLA-DR distinguish
HLA-DR"" CD11b™obright apgen-presenting cells from
CD11bPs" HLA-DR™s*Vetodow olvmorphonuclear cells. (D)
CD3" T cells are gated against HLA-DR, and CD4" T cells are
separated from CD8" T cells. (E) Gating strategy for dendritic cell
identification: after gating on CD45 and SSC-A, all cells positive
for theCD3, CD8, CD20 lineage are excluded and HLA-DR™%
to-bright () | [ plow0meae el are gated. Cells negative for CD14
and CD163 are selected, most being CD141" (BDCAS3) dendritic
cells, although some are CD123" pDCs.

(TTF)

Figure S2 Purity of the sorted CD4" T-cell and macro-
phage fractions. (A) Control of the purity of the sorted CD4" T-
cell fraction. (B) Control of the purity of the sorted HLA-DR*
macrophage fraction.

(TIF)

Figure S3 Macroscopic evidence for virus transmission
and quantification of SIV DNA copies in cocultures of
sorted semen CD4" T cells and macrophages. (A) Negative
(culture medium only) and positive (STVmac251) controls at 8 days
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of coculture. (B) Coculture of CEMx174 cells with semen
macrophages from 1 macaque at 10 dpi (#31047) and 2
macaques with chronic infection (#21362R and 30717). (C)
Coculture with semen CD4" T cells from 1 macaque at 10 dpi
(#31047) and 1 macaque at 35 dpi (#31044). (D) Number of SIV
DNA copies in cells from cocultures of sorted semen CD4" T cells
and macrophages with CEMx174 cells (log copy number per one
million cells). Each dot and line represents one set of conditions.

(TIF)

Figure S4 Intracellular CCR5 and CXCR4 in semen
CD4"' T cells and macrophages. (A) Gating strategy for CD4*
T cells. (B) Gating strategy for macrophages. Gating strategy based
on the isotype controls staining (the background of the PE-isotype
is different from the extracellular staining).

(TIF)

Figure S5 Changes to semen macrophages during SIV
infection. (A) Longitudinal follow-up of the mean fluorescence
mtensity (MFI) for HLA-DR in infected macaques (at 14 and
35 dpi, data were available for only 4 macaques). (B) Longitudinal
follow-up of the proportion of CDI1b"E" and mid 5604 total
CD11b* HLA-DRP™" cells (C) Dynamics of seminal plasma
MCP-1, 1I-8 and MIP-1b concentrations, as determined with
Luminex technology. (A-C) Dotted lines represent PVL (plain
triangle base dow) and SVL (plain triangle base up).

(TIF)

Figure S6 Definition of leukocytospermia. Number of
total acquired CD45" events in non-leukocytospermic and
leukocytospermic macaques (n = 15 animals in each group). Mean
and SEM are represented. A cut-off is defined at 10,000 positive
events.

(TTF)

Figure 87 Quantification of SIV DNA in semen leuko-
cytes by real-time PCR. Quantification of SIV DNA copies
using a standard dilution of a SIV Gag plasmid diluted in
macaques genomic DNA. The data of four different experiments
conducted in duplicates are represented. Linear regression is
represented with mean and SEM (95% CL). %CV: coeflicient of
variation as a percentage (%CV = 100*standard deviation/mean).
The limit of quantification (LQ) is 90 SIV DNA copies
(%CV =1.57). The limit of detection (LD) is 3 SIV DNA copies.
Background threshold is defined at 40 threshold cycle (G, Y axis).
(TIF)

Protocol S1 Antibodies panel for semen T cells and
antigen-presenting cells phenotyping. No legend.
DOCX)

Protocol S2 Primers and Tagman probe specific to
cynomolgus macaque CCR5 gene. Nucleotide sequence.
DOCX)

Table S1 Influence of SIV infection on molecules more
abundant in leukocytospermic semen. *: Mann-Whitney
test p control uversus chronic infection. Mean and SEM are
specified. Normal semen group: n =12, leukocytospermic semen
group: n=13.

(DOCX)

Acknowledgments

We thank the technical staff of the TIPIV core facilities of the Division of
Immuno-Virology of the CEA. We thank C. Joubert, the veterinary
surgeon, and the staff responsible for animal care (CEA, MIRCEN). We
thank T. Kortulewsky (CEA, Institut de Radibiologie Cellulaire et Moléculaire)
and A-L. Bauchet (CEA, MIRCEN) for their help with confocal imaging

December 2013 | Volume 9 | Issue 12 | 1003810



and histology. Finally, we thank Dr. S. Buff (Vetagro Sup, Unité de
reproduction, Marcy I'Etoile, France), B. Delache (CEA, TIPIV) and Dr. O.
Bourry for their assistance with the electroejaculation method.

References

21.

22.

23.

24.

. Haigwood NL (2004) Predictive value of primate models for AIDS. AIDS Rev 6:

187-198.

. Veazey RS, Shattock R]J, Klasse PJ, Moore JP (2012) Animal models for

microbicide studies. Curr HIV Res 10: 79-87.

. Anderson DJ, Politch JA, Nadolski AM, Blaskewicz CD, Pudney ], et al. (2010)

Targeting Trojan Horse leukocytes for HIV prevention. AIDS 24: 163-187.

. Politch JA, Mayer KH, Anderson DJ (2009) Depletion of CD4+ T cells in semen

during HIV infection and their restoration following antiretroviral therapy.
J Acquir Immune Defic Syndr 50: 283-289.

. Anderson DJ, Yunis EJ (1983) “Trojan Horse” leukocytes in AIDS. N Engl ] Med

309: 984-985.

. Alfsen A, Yu H, Magerus-Chatinet A, Schmitt A, Bomsel M (2005) HIV-1-

infected blood mononuclear cells form an integrin- and agrin-dependent viral
synapse to induce efficient HIV-1 transcytosis across epithelial cell monolayer.

Mol Biol Cell 16: 4267-4279.

. Groot F, Welsch S, Sattentau QJ (2008) Efficient HIV-1 transmission from

macrophages to T cells across transient virological synapses. Blood 111: 4660
4663.

. Bomsel M (1997) Transcytosis of infectious human immunodeficiency virus

across a tight human epithelial cell line barrier. Nat Med 3: 42-47.

. Ganor Y, Zhou Z, Tudor D, Schmitt A, Vacher-Lavenu MC, et al. (2010)

Within 1 h, HIV-1 uses viral synapses to enter efficiently the inner, but not
outer, foreskin mucosa and engages Langerhans-T cell conjugates. Mucosal

Immunol 3: 506-522.

. Ganor Y, Zhou Z, Bodo J, Tudor D, Leibowitch J, et al. (2012) The adult penile

urethra is a novel entry site for HIV-1 that preferentially targets resident urethral
macrophages. Mucosal Immunol 6: 776-86.

. Hladik F, Sakchalathorn P, Ballweber L, Lentz G, Fialkow M, et al. (2007) Initial

events in establishing vaginal entry and infection by human immunodeficiency
virus type-1. Immunity 26: 257-270.

. Di Fabio S, Giannini G, Lapenta C, Spada M, Binelli A, et al. (2001) Vaginal

transmission of HIV-1 in hu-SCID mice: a new model for the evaluation of
vaginal microbicides. AIDS 15: 2231-2238.

Salle B, Brochard P, Bourry O, Mannioui A, Andrieu T, et al. (2010) Infection of
macaques after vaginal exposure to cell-associated simian immunodeficiency
virus. J Infect Dis 202: 337-344.

. Le Tortorec A, Le Grand R, Denis H, Satiec AP, Mannioui K, et al. (2008)

Infection of semen-producing organs by SIV during the acute and chronic stages
of the disease. PLoS One 3: 1792,

. Kaizu M, Weiler AM, Weisgrau KL, Vielhuber KA, May G, et al. (2006)

Repeated intravaginal inoculation with cell-associated simian immunodeficiency
virus results in persistent infection of nonhuman primates. J Infect Dis 194: 912
916.

. Baeten JM, Kahle E, Lingappa JR, Coombs RW, Delany-Moretlwe S, et al.

(2011) Genital HIV-1 RNA predicts risk of heterosexual HIV-1 transmission. Sci
Transl Med 3: 77ra29.

. Tachet A, Dulioust E, Salmon D, De Almeida M, Rivalland S, et al. (1999)

Detection and quantification of HIV-1 in semen: identification of a
subpopulation of men at high potential risk of viral sexual transmission. AIDS
13: 823-831.

. Coombs RW, Speck CE, Hughes JP, Lee W, Sampoleo R, et al. (1998)

Association between culturable human immunodeficiency virus type 1 (HIV-1)
in semen and HIV-1 RNA levels in semen and blood: evidence for
compartmentalization of HIV-1 between semen and blood. J Infect Dis 177:
320-330.

. Vernazza PL, Dyer JR, Fiscus SA, Eron JJ, Cohen MS (1997) HIV-1 viral load

in blood, semen and saliva. AIDS 11: 1058-1059.

. Van Voorhis BJ, Martinez A, Mayer K, Anderson DJ (1991) Detection of

human immunodeficiency virus type 1 in semen from seropositive men using
culture and polymerase chain reaction deoxyribonucleic acid amplification
techniques. Fertil Steril 55: 588-594.

Mermin JH, Holodniy M, Katzenstein DA, Merigan TC (1991) Detection of
human immunodeficiency virus DNA and RNA in semen by the polymerase
chain reaction. J Infect Dis 164: 769-772.

Hamed KA, Winters MA, Holodniy M, Katzenstein DA, Merigan TC (1993)
Detection of human immunodeficiency virus type 1 in semen: effects of disease
stage and nucleoside therapy. J Infect Dis 167: 798-802.

Quayle AJ, Xu C, Mayer KH, Anderson DJ (1997) T lymphocytes and
macrophages, but not motile spermatozoa, are a significant source of human
immunodeficiency virus in semen. J Infect Dis 176: 960-968.

Xu C, Politch JA, Tucker L, Mayer KH, Seage GR, 3rd, et al. (1997) Factors
associated with increased levels of human immunodeficiency virus type 1 DNA
in semen. J Infect Dis 176: 941-947.

PLOS Pathogens | www.plospathogens.org

SIV-Infected T Cells and Macrophages in Semen

Author Contributions

Conceived and designed the experiments: SBS AC RLG NDB. Performed
the experiments: SBS ABC SG CT CG. Analyzed the data: SBS AC CG
RLG. Contributed reagents/materials/analysis tools: AC CT SG NDB
NDR. Wrote the paper: SBS RLG.

25.

26.

27.

28.

30.

31.

34.

38.

39.

40.

41.

43.

44.

46.

47.

Krieger JN, Nirapathpongporn A, Chaiyaporn M, Peterson G, Nikolaeva I, et
al. (1998) Vasectomy and human immunodeficiency virus type 1 in semen. J Urol
159: 820-825; discussion 825-826.

Mayer KH, Boswell S, Goldstein R, Lo W, Xu C, et al. (1999) Persistence of
human immunodeficiency virus in semen after adding indinavir to combination
antiretroviral therapy. Clin Infect Dis 28: 1252-1259.

Vernazza PL, Troiani L, Flepp MJ, Cone RW, Schock J, et al. (2000) Potent
antiretroviral treatment of HIV-infection results in suppression of the seminal
shedding of HIV. The Swiss HIV Cohort Study. AIDS 14: 117-121.

Ghosn J, Viard JP, Katlama C, de Almeida M, Tubiana R, et al. (2004)
Evidence of genotypic resistance diversity of archived and circulating viral strains
in blood and semen of pre-treated HIV-infected men. AIDS 18: 447-457.

. Mattapallil JJ, Douek DC, Hill B, Nishimura Y, Martin M, et al. (2005) Massive

infection and loss of memory CD4+ T cells in multiple tissues during acute SIV
infection. Nature 434: 1093-1097.

Brenchley JM, Hill BJ, Ambrozak DR, Price DA, Guenaga FJ, et al. (2004) T-
cell subsets that harbor human immunodeficiency virus (HIV) in vivo:
implications for HIV pathogenesis. J Virol 78: 1160-1168.

Veazey RS, Mansfield KG, Tham IC, Carville AC, Shvetz DE, et al. (2000)
Dynamics of CCR5 expression by CD4(+) T cells in lymphoid tissues during
simian immunodeficiency virus infection. J Virol 74: 11001-11007.

. Jolly C, Kashefi K, Hollinshead M, Sattentau QJ (2004) HIV-1 cell to cell

transfer across an Env-induced, actin-dependent synapse. ] Exp Med 199: 283~
293.

. Rudnicka D, Feldmann J, Porrot F, Wietgrefe S, Guadagnini S, et al. (2009)

Simultaneous cell-to-cell transmission of human immunodeficiency virus to
multiple targets through polysynapses. J Virol 83: 6234-6246.

Veazey RS, Tham IC, Mansficld KG, DeMaria M, Forand AE, et al. (2000)
Identifying the target cell in primary simian immunodeficiency virus (SIV)
infection: highly activated memory CD4(+) T cells are rapidly eliminated in early
SIV infection in vivo. J Virol 74: 57-64.

. Miller CJ (1994) Animal models of viral sexually transmitted diseases.

Am ] Reprod Immunol 31: 52-63.

. Lackner AA, Veazey RS (2007) Current concepts in AIDS pathogenesis: insights

from the SIV/macaque model. Annu Rev Med 58: 461-476.

. Mannioui A, Bourry O, Sellier P, Delache B, Brochard P, et al. (2009) Dynamics

of viral replication in blood and lymphoid tissues during SIVmac251 infection of
macaques. Retrovirology 6: 106.

Miller CJ, Marthas M, Greenier J, Lu D, Dailey PJ, et al. (1998) In vivo
replication capacity rather than in vitro macrophage tropism predicts efficiency
of vaginal transmission of simian immunodeficiency virus or simian/human
immunodeficiency virus in rhesus macaques. J Virol 72: 3248-3258.

Hladik F, Lentz G, Delpit E, McElroy A, McElrath MJ (1999) Coexpression of
CCRS5 and IL-2 in human genital but not blood T cells: implications for the
ontogeny of the CCR5+ Th1 phenotype. J Immunol 163: 2306-2313.

Prakash M, Kapembwa MS, Gotch F, Patterson S (2001) Higher levels of
activation markers and chemokine receptors on T lymphocytes in the cervix
than peripheral blood of normal healthy women. J Reprod Immunol 52: 101—
111

Lehner T, Mitchell E, Bergmeier L, Singh M, Spallek R, et al. (2000) The role of
gammadelta T cells in generating antiviral factors and beta-chemokines in
protection against mucosal simian immunodeficiency virus infection.

Eur J Immunol 30: 2245-2256.

. Keele BF, Giorgi EE, Salazar-Gonzalez JF, Decker JM, Pham KT, et al. (2008)

Identification and characterization of transmitted and early founder virus
envelopes in primary HIV-1 infection. Proc Natl Acad Sci U S A 105: 7552~
7557.

Li H, Bar KJ, Wang S, Decker JM, Chen Y, et al. (2010) High Multiplicity
Infection by HIV-1 in Men Who Have Sex with Men. PLoS Pathog 6:
€1000890.

Miller CJ, Li Q, Abel K, Kim EY, Ma ZM, et al. (2005) Propagation and
dissemination of infection after vaginal transmission of simian immunodeficiency
virus. J Virol 79: 9217-9227.

Salazar-Gonzalez JF, Salazar MG, Keele BF, Learn GH, Giorgi EE, et al. (2009)
Genetic identity, biological phenotype, and evolutionary pathways of transmitted/
founder viruses in acute and early HIV-1 infection. ] Exp Med 206: 1273-1289.
Karlsson I, Malleret B, Brochard P, Delache B, Calvo J, et al. (2007) Dynamics
of T-cell responses and memory T cells during primary simian immunodefi-
ciency virus infection in cynomolgus macaques. J Virol 81: 13456-13468.
Benlhassan-Chahour K, Penit C, Dioszeghy V, Vasseur F, Janvier G, et al.
(2003) Kinetics of lymphocyte proliferation during primary immune response in
macaques infected with pathogenic simian immunodeficiency virus SIVmac251:
preliminary report of the effect of early antiviral therapy. J Virol 77: 12479
12493.

December 2013 | Volume 9 | Issue 12 | 1003810



