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Abstract
Sexual intercourse is the major means of HIV transmission, yet the impact of semen on HIV
infection of CD4+ T cells remains unclear. To resolve this conundrum, we measured CD4+ target
cell infection with X4 tropic HIV IIIB and HC4 and R5 tropic HIV BaL and SF162 after
incubation with centrifuged seminal plasma (SP) from HIV-negative donors and assessed the
impact of SP on critical determinants of target cell susceptibility to HIV infection. We found that
SP potently protects CD4+ T cells from infection with X4 and R5 tropic HIV in a dose- and time-
dependent manner. SP caused a diminution in CD4+ T cell surface expression of the HIVR CD4
and enhanced surface expression of the HIV coreceptor CCR5. Consequently, SP protected CD4+

T cells from infection with R5 tropic HIV less potently than it protected CD4+ T cells from
infection with X4 tropic HIV. SP also reduced CD4+ T cell activation and proliferation, and the
magnitude of SP-mediated suppression of target cell CD4 expression, activation, and proliferation
correlated closely with the magnitude of the protection of CD4+ T cells from infection with HIV.
Taken together, these data show that semen protects CD4+ T cells from HIV infection by
restricting critical determinants of CD4+ target cell susceptibility to HIV infection. Further, semen
contributes to the selective transmission of R5 tropic HIV to CD4+ target cells.

Two million people are infected with HIV every year, most through sexual intercourse (1,2).
Yet, the development of strategies to prevent the sexual transmission of HIV infection has
been hampered by an incomplete understanding of the earliest events in HIV transmission.
One major unresolved question is how semen influences the mucosal transmission of HIV
infection. Because semen contains infectious HIV at all stages of HIV infection, including
during fully suppressive antiretroviral therapy (3–7), it is imperative to clarify the impact of
semen on target cell susceptibility to HIV infection.

Copyright © 2010 by The American Association of Immunologists, Inc.
Address correspondence and reprint requests to Timothy Lahey, Section of Infectious Disease and International Health, Dartmouth
Medical School, One Medical Center Drive, Lebanon, NH 03756. Timothy.Lahey@dartmouth.edu.
Portions of this work were presented at the XVIII International AIDS Conference, July 18–23, 2010, Vienna, Austria, and at the 4th
International Workshop on HIV Transmission, Principles of Intervention, July 17–18, 2009, Cape Town, South Africa.
Disclosures The authors have no financial conflicts of interest.

NIH Public Access
Author Manuscript
J Immunol. Author manuscript; available in PMC 2011 December 15.

Published in final edited form as:
J Immunol. 2010 December 15; 185(12): 7596–7604. doi:10.4049/jimmunol.1002846.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



HIV infects CD4+ T cells, dendritic cells, and macrophages at mucosal surfaces (8–12). The
impact of semen on HIV infection of these target cells, however, remains controversial.
Mucin-6 in semen reduces target cell infection with HIV via abrogation of DC-SIGN–
mediated transfer of HIV from dendritic cells to CD4+ T cells (13,14), and semenogelin-1 in
semen also mediates target cell protection from HIV infection (15). By contrast, semen-
derived enhancer of viral infection (SEVI) facilitates HIV infection of CD4+ T cells and
other target cell types (16), and heparan sulfate on spermatozoa captures and transmits HIV
to dendritic cells, macrophages, and CD4 T cells (17). It is therefore unclear whether semen
chiefly exacerbates or ameliorates HIV infection of CD4+ T cells.

In this study, we characterize the impact of semen on CD4+ T cell infection with HIV, as
well as CD4+ T cell expression of critical markers of susceptibility to HIV infection.
Identifying the mechanisms through which semen modulates HIV infection of target cells
has the potential to lead to the development of novel means of preventing the sexual
transmission of HIV infection.

Materials and Methods
Semen collection and processing

We collected semen from 20 HIV-negative donors who gave consent in a research protocol
approved by the Dartmouth Medical School Committee for the Protection of Human
Subjects. All semen donors were asymptomatic for sexually transmitted infections, and no
lubricants were used during semen sample collection. Each semen sample had total white
cell count below the standard World Health Organization threshold of 1 million cells/ml
(18), and Chlamydia trachomatis and Neisseria gonorrhoeae gene amplification tests were
negative for all samples (Aptima Combo 2 assay; Gen-Probe, San Diego, CA). Samples
were mixed 1:3 with PBS (Mediatech, Manassas, VA), centrifuged at 544 × g for 10 min at
room temperature using a Sorvall Legend RT+ centrifuge (Thermo Scientific,
Braunschweig, Germany), and seminal plasma (SP) harvested from the supernatant for use
fresh or after storage at −°C. SP samples were used separately in each experiment; the
number and concentration of donor SP samples used for each experiment is indicated in the
text and the figure legends of this article.

HIV infection of CD4+ T cells
We isolated PBMCs by Ficoll centrifugation of whole blood from consenting HIV-negative
donors different from SP donors followed by culture in RPMI supplemented with 10% FCS
(Mediatech) and penicillin, streptomycin, and amphotericin B (Mediatech). After activation
with PHA (Sigma-Aldrich, St. Louis, MO) and human recombinant IL-2, we infected
PBMCs for 3 d with X4 tropic HIV (IIIB or HC4) or R5 tropic HIV (BaL or SF162) at a
multiplicity of infection (MOI) of 0.1 with or without SP. HIV MOI was determined using
the 50% infectivity end-point method of Reed and Muench (19) after quantifying HIV using
HIV-1 p24 ELISA (PerkinElmer, Waltham, MA). IL-2 and HIV strains were provided
courtesy of the National Institutes of Health (NIH) AIDS Research and Reference Reagent
Program (Germantown, MD). We measured the percentage of CD4+ T cells expressing
intracellular HIV p24 (KC57; Beckman Coulter, Brea, CA) using multi-parameter flow
cytometry (FACS Canto; Becton Dickinson, Sparks, MD).

HIV infection of TZM-bl cells
Transformation zone metaplasia cells expressing an HIV Tat-driven luciferase reporter gene
[TZM-bl (20)] were used as a second HIV target cell model (obtained through the NIH
AIDS Research and Reference Reagent Program, Division of AIDS, National Institute of
Allergy and Infectious Diseases, NIH, from Dr. John C. Kappes, Dr. Xiaoyun Wu, and
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Tranzyme, Durham, NC). TZM-bl cells were cultured in DMEM/F-12 (Mediatech)
supplemented with 10% FBS, penicillin, streptomycin, and amphotericin B (Mediatech) and
then infected with HIV IIIB or HIV BaL with or without SP at the indicated concentrations
for 24 h before the assessment of infection via β-Glo–induced luminescence using the
manufacturer's protocol (Promega, Madison, WI). In time-course experiments, TZM-bl cells
were infected with HIV BaL for 24 h with or without coincubation with 0.5% SP for 2, 4,
and 24 h before assessment of infection via β-Glo–induced luminescence.

Cell-free versus cell-associated infection
PBMCs were cultured in RPMI with 10% FBS, penicillin, streptomycin, and amphotericin B
in the presence of PHA and IL-2, then infected with HIV IIIB or HIV BaL for 3 d to
generate a pool of HIV-infected PBMCs. We cocultured 100,000 of these HIV-infected
PBMCs, or the supernatant from an identical number of simultaneously HIV-infected and
identical number of PBMCs from the same donor, with 25,000 TZM-bl cells on a 96-well
tissue culture plate for 24 h with or without SP before measuring TZM-bl infection.
Negative controls included the same number of TZM-bl cells cultured with an identical
number of uninfected PBMCs from the same donor or their supernatant.

Assessment of CD4+ T cell CD4, CXCR4, CCR5 expression, activation, and apoptosis
PBMCs were cultured using RPMI with 10% FBS, penicillin, streptomycin, and
amphotericin B with or without SP for 1, 2, 4, 8, 24, or 72 h and then stained with
monoclonal Abs against CD3, CD4, CXCR4, and CCR5 (BioLegend, San Diego, CA), the
activation marker CD38, and the apoptosis marker intracellular activated caspase-3 (both
from BD Biosciences, San Jose, CA). In separate experiments comparing the impact of SP
on surface versus intracellular expression of CCR5, cells were split after incubation with
medium or SP and then either surface stained for CCR5 or fixed and permeabilized using the
Fix & Perm cell permeabilization reagents (Invitrogen, Carlsbad, CA), followed by
intracellular staining with the same mAb against CCR5 (BioLegend, San Diego, CA). Data
was acquired using multiparameter flow cytometry.

Assessment of T cell CD4 expression by confocal microscopy
CD4+ T cells were isolated from whole blood using the RosetteSep human CD4+ T cell
enrichment mixture (StemCell Technologies, Vancouver, Canada), cultured in RPMI with
10% FBS, penicillin, streptomycin, and amphotericin B (Mediatech), and incubated for 24 h
with or without 0.5% SP. Cells were stained with anti-human CD4 Ab or its isotype control
(BioLegend), fixed, and mounted onto a chamber slide (Nunc-Thermo Fisher Scientific,
Rochester, NY), and expression of the HIVR CD4 was assessed using a laser scanning
confocal microscope (LSM510 Meta; Carl Zeiss, Thornwood, NY).

Assessment of T cell CD4, CXCR4, and CCR5 expression by RT-PCR
Freshly purified CD4+ T cells were cultured in RPMI with 10% FBS, penicillin,
streptomycin, and amphotericin B (Mediatech) alone or with 0.5% SP for 24 h, after which
total RNA was isolated using the QIAsh-redder and RNeasy Mini Kit (Qiagen, Valencia,
CA). Reverse transcription was accomplished using the iScript cDNA synthesis kit (Bio-
Rad, Hercules, CA), and real-time PCR was done using the MicroAmp Optical 96-well
reaction plates, CD4, CXCR4, and CCR5 gene primers, SYBR Green PCR master mix, and
the 7000 Real-time PCR system (Applied Bio-systems, Foster City, CA). CD71 primers
(Applied Biosystems) were used as an endogenous mRNA expression control. Fold change
was calculated via the 2−ΔΔCT method (21) using the difference in CD4, CXCR4, and CCR5
mRNA threshold cycle (Ct) values between the SP-treated and media controls after
normalization of CD4, CXCR4, and CCR5 mRNA expression using CD71 mRNA levels.
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Assessment of TZM-bl cell viability
SP and HIV IIIB or BaL were added onto TZM-bl cell monolayer in a 96-well plate, the
mixture was incubated for 24 h, and TZM-bl cell viability was assessed using the CellTiter
96 AQueous Assay as per the manufacturer's protocol (Promega).

Assessment of CD4+ T cell proliferation
In separate experiments, PBMCs were stained for 7 min with CFSE (Invitrogen) before dye
inactivation with human Ab serum (Mediatech), after which PBMCs were treated with PHA
and IL-2, incubated for 3 d with 0.5% SP or medium, and the percentage of CD4+ T cells
proliferating was assessed via the decrement in CFSE staining by multiparameter flow
cytometry.

Effect of SP on culture media pH
We measured the pH of RPMI plus 10% FBS containing SP or an equivalent volume of
medium at room temperature.

Measurement of cytokine levels in SP
We measured the titers of 27 proinflammatory and anti-inflammatory cytokines in SP
samples from the same 20 subjects in whom the impact of SP on CD4+ target cell infection
was assessed using multiplex cytokine bead technology per the manufacturer's protocol
(Luminex; Bio-Rad, Hercules, CA). Briefly, after 30 min of incubation with a cytokine
standard, sample, spikes, or blank, multiplex beads were washed and stained with a mixture
of biotinylated Abs for 30 min and then washed and stained with streptavidin-PE for 10 min
before resuspension and measurement of fluorescence intensity using the Bio-Plex array
reader (BioRad). Data validity was verified using calibration curves from recombinant
cytokine standards as well as high and low spikes from the supernatant of stimulated human
dendritic cells, with standards and spikes measured in triplicate, samples measured once, and
blank values subtracted from all readings. Cytokine assays were carried out by the Immune
Monitoring Laboratory.

Statistical analyses
We used Mann-Whitney U tests for univariate comparisons and Spearman correlation
coefficients for correlations between the magnitude of T cell expression of receptors,
coreceptors, activation markers, and the magnitude of CD4+ T cell proliferation as well as
SP cytokine levels. The percentage TZM-bl HIV infection, CD4, CXCR4, and CCR5
expression was derived via the ratio of the individual readouts over the average readout of
the non-SP positive control conditions. Percentage reduction in T cell CD4 mean
fluorescence intensity (MFI), CD38 MFI, proliferation, and HIV infection attributable to SP
were derived via the ratio of the average readout of the non-SP positive control conditions
minus the individual readouts in the SP conditions over the average readout of the non-SP
positive control conditions. Similarly, we derived the percentage reduction in TZM-bl cell
infection attributable to SP via the ratio of TZM-bl luminescence in the HIV condition
minus TZM-bl luminescence in the SP plus HIV condition over TZM-bl luminescence in the
HIV condition. Two-sided p values <0.05 were considered statistically significant. Data
from flow cytometry-based experiments were analyzed with FlowJo 8.8.6 (Tree Star,
Ashland, OR), and we conducted statistical analyses on Prism 4 (GraphPad Software, La
Jolla, CA). All experiments were repeated at least three times, with the exception of the
multiplex cytokine assay, which we replicated once.

Balandya et al. Page 4

J Immunol. Author manuscript; available in PMC 2011 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results
SP reduces HIV infection of CD4+ target cells

We used two standard experimental models to characterize the impact of SP on CD4+ target
cell susceptibility to HIV infection: PHA-stimulated PBMCs and TZM-bl cells. With both
models, we found that SP potently protects CD4+ target cells from infection with X4 tropic
HIV IIIB and HC4 and R5 tropic HIV BaL and SF162 (Fig. 1).

SP reduces CD4+ T cell expression of the HIVR CD4
We examined the impact of SP on T cell expression of the HIVR CD4. In a time-dependent
fashion, incubation with SP reduced CD4+ T cell surface expression of the HIVR CD4 (Fig.
2A). We observed a similar reduction in CD4+ T cell expression of CD4 by confocal
microscopy (Fig. 2B). Notably, CD4+ T cell expression of the HIVR CD4 was not
significantly affected by 1-h incubation with SP, suggesting a time-dependent process that
did not involve nonspecific interference with CD4 staining. Furthermore, we found that
CD71-normalized CD4 mRNA expression in bead-purified CD4+ T cells incubated for 24 h
with 0.5% by volume SP was reduced 0.24-fold in comparison with that of medium-treated
CD4+ T cells (p = 0.0070; Fig. 2F).

SP modulates CD4+ T cell expression of the HIV coreceptors CCR5 and CXCR4
SP triggered a rapid and profound increase in surface expression on CD4+ T cells of the HIV
coreceptor CCR5 (Fig. 2C), as well as a late and modest fall in surface expression of the
HIV coreceptor CXCR4 (Fig. 2D). Comparing surface expression of CCR5 with the
intracellular expression of CCR5 in separate permeabilized CD4+ T cells from identical
donors, we found that SP significantly but subtly reduced intracellular expression of CCR5
at the same time it enhanced surface expression of CCR5 (Fig. 2E). Concordant with this
suggestion that SP promotes trafficking of intracellular CCR5 to the cell surface while
inhibiting CCR5 transcription, we found that CD71-normalized expression of mRNA for the
HIV coreceptors CCR5 and CXCR4 was cut by incubation with SP (Fig. 2F).

SP protection of CD4+ T cells from HIV infection is more potent against X4 tropic HIV IIIB
and HC4

Because SP enhanced CD4+ target cell surface expression of the HIV coreceptor CCR5 but
not CXCR4, we examined whether SP preferentially inhibits the transmission of X4 tropic
HIV by challenging identical PBMCs with MOI of 0.1 of either X4 or R5 tropic HIV and
then compared the relative percentage reduction in target cell infection. SP protects CD4+

target cells from X4 tropic HIV IIIB and HC4 infection more potently than it protects CD4+

target cells from R5 tropic HIV BaL and SF162 infection (Fig. 2G,2H).

SP reduces CD4+ T cell activation and proliferation
Activation and proliferation influence target cell susceptibility to HIV infection (22–24) and
are potentially affected by immunomodulatory factors in semen (25–27). We found that SP
significantly reduced CD4+ T cell expression of the activation marker CD38 after 24-h
incubation (Fig. 3A), an effect that was maintained after 72 h (CD38 MFI 1914 versus 700;
p = 0.0003, n = 20). Incubation with SP also diminished PHA-stimulated CD4+ T cell
proliferation at 72 h (Fig. 3B).
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The magnitude of protection of CD4+ target cells from HIV infection is influenced by SP
concentration, coincubation time, and cell contact but not target cell apoptosis or pH
effects

We observed increasing inhibition of CD4+ target cell infection with HIV with increasing
concentrations of SP (Fig. 4A). Similarly, the magnitude of SP-mediated reduction in CD4+

target cell infection with HIV was higher with incubation times greater than 2 h (Fig. 4B).
SP inhibited cell-free and cell-associated HIV infection of CD4+ target cells, although the
magnitude of protection was greater for cell-free infection (Fig. 4C). Because high
concentrations of SP cause immune cell apoptosis (28), we assessed the impact of SP on
CD4+ target cell viability using two standard assays. By intracellular caspase-3 staining,
there was no alteration in CD4+ T cell viability after 24 h (Fig. 4D). Caspase-3 expression
was not significantly enhanced after 72 h of incubation with 0.5% SP (2.20 versus 3.66%; p
= 0.1519, n = 20). Further, when we confined our analyses of CD4+ T cell infection with
HIV to cells not expressing activated caspase-3, incubation with SP still reduced HIV
infection of CD4+ T cells (27.03 versus 22.15% for HIV IIIB, p = 0.0310; 11.93 versus
3.79% for HIV BaL, p = 0.0005; n = 20). Similarly, 24-h incubation with 0.5% SP had no
effect on TZM-bl cell viability using MTT staining (Fig. 4E). At SP concentrations above
1%, we observed induction in target cell apoptosis by both assays (data not shown).
Importantly, the pH of 0.5% SP conditions was not different from medium control (8.047
versus 8.051; p = 0.6923; n = 10), thus excluding the possibility that SP at this concentration
produced the observed effects via pH alterations (29,30).

Magnitude of SP-mediated reductions in CD4 expression, activation, and proliferation
correlate with the reduction in T cell HIV infection

We correlated reductions in markers of target cell susceptibility to HIV infection with the
magnitude of SP-mediated reductions in CD4+ T cell HIV infection. The reduction in CD4+

T cell infection with both X4 tropic HIV IIIB and R5 tropic HIV BaL correlated closely and
significantly with the reduction in T cell CD4 MFI, the reduction in T cell expression of
activation marker CD38, and the reduction in T cell proliferation (Fig. 5A–F).

No correlation between cytokine and chemokine concentrations in SP with SP-mediated
protection of CD4+ target cells from HIV infection

Multiple cytokines and chemokines are enriched in human SP (Fig. 5G), but cytokine and
chemokine concentrations in SP did not correlate with the magnitude of SP-mediated
modulation of CD4+ T cell infection or with CD4+ T cell expression of markers of
susceptibility to HIV infection (data not shown).

Discussion
Human semen protects CD4+ target cells from infection by X4 and R5 tropic HIV. This
protective effect was intimately associated with semen-mediated reduction of CD4+ T cell
expression of major determinants of target cell susceptibility to HIV infection, including the
expression of the HIVR CD4, HIV coreceptor CXCR4, as well as CD4+ T cell activation
and proliferation. Conversely, semen induced CD4+ T cell expression of the HIV coreceptor
CCR5 and promoted preferential protection of CD4+ target cells from R5 tropic HIV
compared with X4 tropic HIV. These data suggest that semen contributes to both the relative
inefficiency of sexual transmission of HIV (2) and to the preferential transmission of R5
tropic HIV at mucosal surfaces (31–34).

CD4 is the chief HIVR on target cells (35,36). CD4 blockade protects T cells from HIV
infection (37), and CD4 downregulation is known to occur in vivo as a host (38) or
pathogen-mediated process (39). African green monkeys have ~40% less CD4 T cell
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expression compared with that of rhesus macaques, and this is thought to contribute to
protection against SIV-mediated T cell depletion and disease progression in these hosts (38).
We have shown that 24-h incubation with SP reduces surface expression of the HIVR CD4
on target CD4+ T cells by more than 39% and that this effect correlated closely with the
magnitude of SP-mediated reduction in CD4+ T cell infection by HIV IIIB and BaL.

R5 tropic HIV predominates during early HIV infection, whereas X4 tropic HIV typically
emerges late in the course of HIV disease (31–34). The reason for this selectivity has been
elusive, although explanatory hypotheses include selective trapping and transcytosis of R5
viruses, selective infection of mucosal dendritic cells, macrophages, and CD4+ T cells by R5
viruses, and more effective replication of R5 viruses in regional lymph nodes relative to X4
tropic viruses (40). Our data suggest that whereas semen protects CD4+ T cells from HIV
infection, the few CD4+ target cells still susceptible to infection by HIV have preferentially
augmented vulnerability to infection by R5 virus. Given that sexual transmission of HIV
likely stems from the establishment of infection by one or at most a few HIV virions (41),
we hypothesize that semen-mediated quadrupling of CD4+ target cell expression of CCR5
expression likely exerts a profound influence on the tropism of the transmitted/founder
virus.

HIV preferentially infects activated and proliferating target cells (22,23,42), and activated
CD4+ T cells are thought to be critical early targets of HIV infection at mucosal surfaces
especially during coincident sexually transmitted infection (8,10,43). We have shown that
SP also reduces CD4+ T cell expression of the activation marker CD38 as well as CD4+ T
cell proliferation. The magnitude of these effects correlated strongly with the magnitude of
SP-mediated reduction in CD4+ T cell infection by HIV, consistent with our hypothesis that
the anti-inflammatory impact of SP inhibits HIV transmission by reducing target cell
availability at mucosal surfaces (24), perhaps via the same anti-inflammatory mediators in
SP that promote immune tolerance in the female reproductive tract (25–27). Of the 27
cytokines and chemokines measured in SP samples, none showed consistent correlation with
the observed SP-mediated reduction in CD4+ T cell infection with HIV. We hypothesize that
either the specific soluble factor(s) in SP responsible for the observed protection of CD4+

target cells from HIV infection were not captured by the multiplex assay or that we
measured the effector cytokine but that single cytokine/chemokine concentrations did not
correlate with protection because the prevention of target cell infection occurs over a
threshold level for each cytokine/chemokine or, alternatively, because more than one
cytokine and/or chemokine act in combination to produce the observed effects.

Mucin-6 in SP reduces HIV attachment to dendritic cells and subsequent transfer to CD4+

target cells (13,14). The current study, however, is to our knowledge the first to demonstrate
that SP directly protects CD4+ T cells from HIV infection. This is important because HIV
infection of CD4+ T cells clearly occurs without such cellular intermediaries (8–11,44).
Although the relative contribution of cell-free versus cell-associated HIV transmission at
mucosal surfaces remains unresolved (4,10,44,45), cell-associated transmission of HIV is
well documented (44–49), and our data suggest that this mode of HIV transmission may be
inhibited less by SP.

In direct contrast with our results and those of other authors (13–15), SEVI, a highly purified
component of agitated SP, has been shown to enhance HIV infection of multiple target cell
types including CD4+ T cells (16,50). The likely source for the divergence of results is that
the complicated immunomodulatory content of semen both inhibits and facilitates HIV
infection of target cells, and different experimental approaches likely accentuate these
opposing effects. For instance, all experiments in our studies were done using unfractionated
SP, whereas most of the SEVI findings detailed the influence on target cell infection of a
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highly purified semen fraction. In addition, our SP samples were not agitated prior to
coincubation with target cells. Most importantly, in contrast with the 2-h coincubation times
used in the SEVI papers, we used longer coincubation times consistent with the forensic
observation that semen is typically detectable in the vagina days after deposition (51). Our
time-course experiments suggest that the shorter coincubation times described by Münch et
al. (16,50) would hide the seminal protection of CD4+ T cells. Reconciling these results, we
believe the data showing that SEVI enhances HIV infection of target cells is convincing, but
our data and data from multiple other studies (13–15) suggest that the chief impact of
unfractionated SP incubated with target cells during most physiological time frames is
protection of CD4+ T cells from HIV infection.

At higher SP concentrations, we observed both greater CD4+ target cell protection and
increasing CD4+ T cell apoptosis (28). However, the induction of CD4+ target cell apoptosis
is not the only contributor to SP-mediated protection of CD4+ target cells from HIV
infection. We found powerful SP-mediated protection of CD4+ T cells from HIV infection at
concentrations that did not elicit target cell apoptosis and when proapoptotic cells were
excluded from our analyses. Importantly, the use of low SP concentrations likely mimics the
low physiological concentrations of semen seen in the female reproductive tract, as semen
persists for days after vaginal deposition (51) and is thus likely susceptible to local diffusion
and dilution by genital secretions (52).

We acknowledge important limitations of this work. First, we used SP from HIV-negative
donors, thereby allowing assessment of the impact of SP on CD4+ target cell infection
without the confounding presence of donor HIV (3,4) or HIV-specific Abs (53). It is
possible, however, that HIV infection reduces the capacity of SP to protect CD4+ T cells
from HIV infection. We also showed that the observed protection of target cells occurs
independent of pH, thereby excluding that SP impact on pH is responsible for the observed
effects. However, the buffered medium used to predilute semen samples could have
excluded a pH-dependent effect of semen that is independent of our observations. Next,
although we excluded samples with active signs of genital tract inflammation using standard
World Health Organization semen leukocyte thresholds and testing for gonorrhea and
Chlamydia, it is conceivable that a small minority of subjects in this or any semen collection
protocol had undetected genital tract inflammation at the time of sample donation. Whereas
such genital inflammation conceivably could contribute to the anti-HIV or other properties
of semen in that small minority of samples, the consistent effects observed in our studies
suggest the anti-HIV activity and impact on markers of susceptibility to HIV infection is
attributable not to rare undetected genital tract inflammation but to an intrinsic property of
semen. Further, the standard ex vivo models of CD4+ target cell HIV infection used in this
study cannot capture the potential contributions to mucosal HIV transmission of mucus and
epithelial barriers, intricate cell-to-cell interactions, other innate factors, and the complex
extracellular microenvironment (11,54,55). Nonetheless, the available evidence suggests
that these models capture a physiological interaction of semen with CD4+ T cells at mucosal
sites. First, ex vivo tissue explant studies showed that HIV reaches the rich population of
subepithelial CD4+ T cells independent of epithelial cell interactions with HIV and in the
presence of an intact epithelial cell lining (9,56,57). It seems plausible that soluble factors in
semen can reach CD4+ target cells in a similar way. That soluble factors in semen likely
impact CD4+ target cells in the subepithelial layer is supported by the fact that semen alters
T cell phenotype in vivo in animal models (26). In addition, like HIV itself, soluble factors
in semen likely access CD4+ target cells more easily in the presence of mucosal
microtrauma after intercourse (58) or during mucosal inflammation caused by sexually
transmitted infections (59,60).
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SP reduces CD4+ T cell expression of the HIVR CD4, as well as CD4+ T cell activation and
proliferation. The downmodulation of these major determinants of CD4+ T cell
susceptibility to HIV infection correlated strongly and positively with protection of CD4+ T
cells against HIV infection, partly explaining the relative inefficiency of HIV transmission
across mucosal surfaces (2). SP-mediated induction of CD4+ T cell surface expression of
CCR5 mitigated the protective effects of SP against infection with R5 viruses, likely
contributing to the selective transmission of R5 HIV across mucosal surfaces (31–34).
Understanding the mechanisms through which SP modulates CD4+ T cell susceptibility to
HIV infection could open up novel means of preventing mucosal transmission of HIV.
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FIGURE 1.
SP protects CD4+ target cells from infection by R5 tropic and X4 tropic HIV. CD4+ T cells
incubated with SP were protected from infection by X4 tropic HIV IIIB (A, C, G) and HC4
(E, n = 20) and R5 tropic HIV BaL (B, D, H) and SF162 (F, n = 20) at an MOI of 0.1 as
assessed by intracellular HIV p24 staining. We observed a dose-response relationship, with
incubation with increasing concentrations of SP associated with increasing protection of
CD4+ TZM-bl cells from infection with HIV IIIB and HIV BaL (G, H, n = 20). **p < 0.01;
***p < 0.001. RLU, relative light units.
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FIGURE 2.
SP modulates the expression of the HIVR CD4 and the HIV coreceptors CCR5 and CXCR4.
Incubation with SP reduced CD4+ T cell expression of the HIVR CD4 in a time-dependent
fashion compared with medium controls (A, n = 6). CD4+ T cell expression of the HIVR
CD4 by confocal microscopy was reduced after 24-h incubation with SP compared with
medium control (B). There was a rapid and robust increase in surface expression of CCR5 in
CD4+ T cells incubated with 0.5% SP (C, n = 6), along with a late and limited repression of
surface CXCR4 expression (D, n = 6). We found that simultaneous with the increase in
surface expression of CCR5, SP reduces intracellular CCR5 staining (E, n = 10). By real-
time PCR, there was a clear SP-mediated reduction in CD4+ T cell transcription of CD4,
CXCR4, and CCR5 (F, n = 10). Fold change was calculated via the 2−ΔΔCT method using
the difference in CD4, CXCR4, and CCR5 mRNA Ct values between the SP-treated and
media controls after normalization of CD4, CXCR4, and CCR5 mRNA expression using
CD71 housekeeping gene mRNA levels. SP protects CD4+ T cells from X4 tropic HIV IIIB
infection more potently than it protects CD4+ T cells from R5 tropic HIV BaL (G, n = 20)
and X4 tropic HIV HC4 more potently than R5 tropic HIV SF162 (H, n = 20). Error bars
depict SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 3.
SP reduces T cell activation and proliferation. CD4+ T cell incubation with SP reduced
CD4+ T cell expression of the activation marker CD38 (A, n = 20) and PHA- and IL-2–
stimulated CD4+ T cell proliferation as measured by CFSE dye dilution (B, n = 20). ***p <
0.001.
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FIGURE 4.
Magnitude of protection of CD4+ target cells from HIV infection by SP is influenced by SP
concentration, incubation duration, and cell contact, but not by target cell apoptosis.
Incubation with higher concentrations of SP conferred greater CD4+ TZM-bl cell protection
from HIV IIIB infection at an MOI of 0.2 (A, n = 8). Incubation with SP for greater than 2 h
was associated with greater protection of CD4+ TZM-bl cells from infection with HIV BaL
(B, n = 8). SP inhibits both cell-associated and cell-free HIV IIIB infection of TZM-bl cells,
but the magnitude of SP inhibition of cell-associated HIV infection of TZM-bl cells was
smaller than the magnitude of SP inhibition of cell-free HIV infection of TZM-bl cells (C, n
= 10). Incubation with 0.5% SP for 24 h did not induce CD4+ T cell apoptosis as measured
by intracellular expression of activated caspase-3 (D, n = 20) or by MTT viability assay in
TZM-bl cells (E, n = 10). Staurosporine 0.25 μM was used as a positive control for
intracellular activated caspase-3 expression. Error bars depict SD. *p < 0.05; **p < 0.01;
***p < 0.001. RLU, relative light units.
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FIGURE 5.
SP-mediated protection from HIV infection correlates closely with SP-mediated reductions
in CD4+ T cell expression of CD4 and CD38 as well as CD4+ T cell proliferation. The
magnitude of the reduction in CD4+ T cell infection by HIV IIIB correlated positively with
the magnitude of the SP-mediated reduction in CD4+ T cell MFI of the HIVR CD4 (A), the
MFI of the activation marker CD38 (B), and with the reduction in CD4+ T cell proliferation
(C) by CFSE staining. Likewise, the magnitude of the reduction in CD4+ T cell infection by
HIV BaL correlated positively with the magnitude of the SP-mediated reduction in CD4+ T
cell CD4 MFI (D), CD4+ T cell CD38 MFI (E), and CD4+ T cell proliferation (F). SP
contains multiple cytokines and chemokines (G). n = 20 for A–G.
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