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Semen of HIV-1-Infected Individuals: Local
Shedding of Herpesviruses and Reprogrammed
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Background. Semen is the main carrier of sexually transmitted viruses, including human immunodeficiency
virus type 1 (HIV-1). However, semen is not just a mere passive transporter of virions but also plays an active role in
HIV-1 transmission through cytokines and other biological factors.

Methods. To study the relationship between viruses and the chemokine-cytokine network in the male genital
tract, we measured the concentrations of 21 cytokines/chemokines and the loads of HIV-1 and of 6 herpesviruses in
seminal and blood plasma from HIV-1-infected and HIV-uninfected men.

Results. We found that (1) semen is enriched in cytokines and chemokines that play key roles in HIV-1
infection or transmission; (2) HIV-1 infection changes the chemokine-cytokine network in semen, further enriching
it in cytokines that modulate its replication; (3) HIV-1 infection is associated with Epstein-Barr virus (EBV) and
cytomegalovirus (CMV) compartmentalized seminal reactivation; (4) CMV and EBV concomitant seminal
shedding is associated with higher HIV-1 loads in blood and seminal plasma; and (5) CMV seminal reactivation
increases the seminal levels of the CCR5 ligands RANTES and eotaxin, and of the CXCR3 ligand monokine induced
by gamma interferon (MIG).

Conclusions. HIV-1 infection results in an aberrant production of cytokines and reactivation of EBV and CMV
that further changes the seminal cytokine network. The altered seminal milieu in HIV-1 infection may be
a determinant of HIV-1 sexual transmission.

Semen is a composite biological fluid in which sperma-
tozoa and other cells are immersed in plasma containing
soluble factors essential for fertilization in particular
cytokines [1].
comparison with other body fluids, semen is enriched in

Previous studies have shown that in

several cytokines, in particular interleukin (IL) 7 and
transforming growth factor (TGF)-B, suggesting that the
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male genital tract has unique immunological features
[2-5]. It is not clear whether the cytokines in semen
reflect innate and adaptive responses only or whether
they have precise reproductive functions as well [6].
Whichever their role is, cytokines create in semen an
environment that alters the replication and transmis-
sion of pathogens. Indeed, several sexually transmitted
viruses, in particular human immunodeficiency virus
(HIV) and its simian counterpart, simian immunodefi-
ciency virus (SIV), exploit various physical or biological
properties of semen or alter the genital cytokine milieu
for their own benefit [7-9]. For example, in rhesus
macaques vaginal exposure to SIV enhances the vaginal
expression of MIP-3a, which is necessary to establish
SIV genital infection [9]. HIV-1 is often accompanied by
infections by other pathogens (HIV copathogens), in
particular herpesviruses, which are often also shed in
semen [10]. Copathogens can further change the seminal
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cytokine milieu, thus affecting their replication as well as HIV-1
replication. This complex and yet not understood relationship
between viruses may play a critical role in HIV transmission and
pathogenesis [11].

In this study, we addressed the relationship between the
cytokine milieu and coinfecting viruses in the male genital tract
of HIV-l-infected individuals by comparing the levels of 21
cytokines and chemokines as well as the loads of HIV-1 and
6 coinfecting herpesviruses in seminal and blood plasma samples
from HIV-1-infected and HIV-uninfected men. We found that
semen is particularly enriched in cytokines that are known to
play a role in HIV-1 infection and replication (including IL-7,
macrophage inflammatory protein (MIP)-3a, IL-8, RANTES,
and MIP-18) [9, 12, 13] and that HIV-1 infection is associated
with a dramatic change of the semen cytokine spectrum. Also,
we found that HIV-1 infection is frequently associated with the
reactivation of Epstein-Barr virus (EBV) and cytomegalovirus
(CMV), especially in semen, where they modulate the cytokine
spectrum by increasing the levels of the CCR5 ligands RANTES
and eotaxin and of the CXCR3 ligand monokine induced by
gamma interferon (MIG). The aberrant production of cytokines
and the preferential reactivation of EBV and CMV in semen of
HIV-1-infected individuals may be an important determinant in
HIV-1 infectivity and evolution in the male genital tract.

METHODS

Study Population
The protocol was approved by the institutional review boards of
the National Institutes of Health and the All India Institute of
Medical Sciences (AIIMS). Study participants were recruited in
AIIMS between September 2008 and November 2009. The pres-
ence of genital ulcers and/or genital discharge as well as VDRL
reactivity were identified as exclusion criteria for enrollment. After
2-5 days of sexual abstinence, semen was obtained by masturba-
tion, collected into a sterile container, and processed within 1 hour
of ejaculation. Semen was centrifuged at 800 g for 10 minutes, and
the resulting supernatant (plasma) was stored at —80°C.
Eighty-four therapy-naive HIV-infected patients were en-
rolled; 1 patient was excluded from further analysis because he
was infected with HIV-2. Owing to the sociocultural stigma of
HIV/AIDS in India, a few enrolled patients missed follow-up
visits. Thus, HIV-1 blood plasma load was available from 74
individuals; paired HIV-1 blood plasma load and CD4" T-cell
counts were available from 70 of these. Seminal plasma was
collected from 50 HIV-1-infected individuals, and paired blood
and seminal plasma samples from 43 of the 50. Thirty-three
HIV-uninfected individuals, among healthy volunteers referred
to the AIIMS fertility clinic, were enrolled as HIV-uninfected
controls. Blood and semen were collected from 27 and 28 in-
dividuals respectively; paired blood and semen samples were
available from 22 HIV-uninfected controls.

Real-Time Polymerase Chain Reaction

Nucleic acid extraction, real-time polymerase chain reaction,
and the primers and probes used for amplifications are described
in the Supplemental Methods. HIV-1 load was measured using
a set of primers previously validated for load quantification of
different HIV-1 group M subtypes, including subtype C [14].

Quantification of Cytokines and Chemokines

We measured levels of the cytokines and chemokines using
a multiplex-bead-array assay described in the Supplemental
Methods.

Statistical Analyses

Unless otherwise specified, we used medians (25th—75th percen-
tiles, interquartile range [IQR]) to summarize continuous var-
iables. We compared continuous variables between groups using
the Mann—Whitney test and assessed linear association of con-
tinuous variables using the nonparametric Spearman rank cor-
relation coefficient (p). The Kruskall-Wallis test with Dunn
multiple comparison test was used to test for differences among
>2 independent groups. We compared categorical variables
using Fisher's exact and ” tests and performed 2-way hierar-
chical cluster analysis on log-transformed cytokine levels using
Ward’s method.

RESULTS

HIV-1 and Herpesvirus Loads in Blood and Semen
Sociodemographic characteristics of the enrolled patients are
shown in Tablel. HIV-1 RNA load was quantified in semen and
blood plasmas from therapy-naive HIV-1-infected individuals.
The median CD4" T-cell count in this cohort was 281 cells/mm?
(IQR, 185-430). HIV-1 RNA was detected in blood plasma from
all the enrolled patients (100%) with a median load of 4.58 log;,
copies/mL (IQR, 3.6-5.2). A significant negative correlation was
found between the CD4 ™" T-cell count and the HIV-1 plasma load
(p = —0.49; P < .0001). In seminal plasma, HIV-1 RNA was
detected in 94% of the patients with a median load of 3.89 log;,
copies/mL (IQR, 3-5). There was a significant positive correlation
between the HIV-1 loads in blood plasma and seminal plasma
(p = 0.64; P < .0001) and a significant negative correlation be-
tween the CD4 " T-cell count and the seminal HIV-1 RNA load
(p = —0.43; P = .002) (Figure 1A and B).

Seminal and blood plasmas were tested for 6 herpesviruses
known to be found in semen (herpes simplex virus [HSV]-2,
EBV, CMV, human herpesvirus [HHV] 6, HHV-7, and HHV-8),
and the results are summarized in Table 2. HSV-2 DNA was
found in seminal plasma of 8% of HIV-1-infected individuals
(median load, 2.1 logjq copies/mL [IQR, 1.9-2.3]) but in
none of their blood plasma samples. No HSV-2 DNA was
detected in blood or semen samples from HIV-uninfected
individuals.
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Table 1. Sociodemographic Characteristics of the Enrolled HIV-1-Infected and HIV-Uninfected Individuals

No. (%)
Characteristic HIV-1-Infected (n = 83)° HIV-Uninfected (n = 33) P
Age, years >
=30 23 (27) 14 (42)
>30 60 (73) 19 (68)
Marital status <.01
Unmarried 19 (23) 0 (0)
Married or long-term consensual relationship 64 (77) 33 (100)
Employment status <.05
Unemployed 9(11) 0 (0)
Self-employed 44 (53) 14 (42)
Full-time wage earner 30 (36) 19 (58)
Mode of HIV-1 acquisition
Heterosexual intercourse 70 (84.3) NA
Injection drug use or transfusion 5 (6.0) NA
Males who have sex with males® 6(7.2) NA
Unknown 2 (2.5) NA

Abbreviations: HIV-1, human immunodeficiency virus type 1; NA, not applicable.
@ Eighty-four patients were initially enrolled, but 1 was immediately excluded because he was infected by HIV-2.

b None of the HIV-uninfected controls reported any history of homosexual sex. However, the difference in the proportion of males who have sex with males
between HIV-1-infected and HIV-uninfected individuals was not statistically significant (P > .7).
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Figure 1. Human immunodeficiency virus type 1 (HIV-1), cytomegalovirus (CMV), and Epstein-Barr virus (EBV) loads in blood and seminal plasma.
A, Correlation between the HIV-1 load in blood and seminal plasma. B, Correlation between HIV-1 blood plasma load and the CD4™ T-cell count. C, D, For
each HIV-1-infected individual, a dotted line connects the EBV (C) and CMV (D) loads in blood and seminal plasma. Note that there is a significant
positive correlation between the blood and seminal HIV-1 loads and a significant negative correlation between the HIV-1 blood plasma load and the
CD4™ T-cell count. Note also that high CMV and EBV seminal plasma loads are often found in patients in whom blood plasma HIV-1 is undetectable.
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Table 2. The Frequency of Detection and the Median Load of Herpesviruses in Blood and Semen Plasma Samples From HIV-1-Infected

and HIV-Uninfected Men

HIV-Uninfected?® HIV-1-Infected® PP
Herpesvirus Blood Plasma Semen Plasma Blood Plasma Semen Plasma Blood Semen
HSV-2 0 0 0 4/50 (8); 2.1 (1.9-2.3) NS NS
EBV 0 1/28 (3.5); 5.5 21/74 (28); 3.2 (2.7-3.6) 28/50 (56); 3.5 (3.1-4.7) <.001 <.001
CMV 0 1/28 (3.5); 3.2 12/74 (16); 3.1 (2.9-3.4) 35/50 (70); 5. 3 (4.4-6.1) <.001 <.001
HHV-6 0 3/28 (6); 3.7 (3.7-4.5) 0 1/50 (2); 3 NS NS
HHV-7 0 3/28 (6); 3 (2.2-3.1) 0 6/50 (12) 2.7 (2.3-3.1) NS NS
HHV-8 0 0 0 3/50 (6); 3.3 (3.1-3.5) NS NS

Abbreviations: CMV, cytomegalovirus; EBV, Epstein-Barr virus; HHV, human herpesvirus; HIV, human immunodeficiency virus; HSV, herpes simplex virus;

NS, not significant.

@ Data are presented as frequency of DNA detection (%); median DNA viral load (interquartile range), expressed as logqo copies/mL.

b Significance of the difference in frequency of DNA detection between HIV-uninfected and HIV-1-infected individuals.

Among the HIV-1-infected individuals, HHV-6, HHV-7,
and HHV-8 DNA were detected in 2%, 12%, and 6% of the
seminal plasma samples, respectively (median loads, 3.3
[IQR, 2.3-3.1], and 3.3 [IQR, 3.1-3.5]
log,o copies/mL, respectively). Among HIV-uninfected in-
dividuals, HHV-6, HHV-7, and HHV-8 DNA were detected
in 6%, 6%, and 0% of the seminal plasma samples, re-
spectively (median loads, 3.79 [IQR, 3.7-4.5] and 3 [IQR,
2.2-3.1] logjo copies/mL, respectively). There was no sig-

[1 patient], 2.7

nificant difference in seminal loads of these viruses between
HIV-1-infected and HIV-uninfected individuals. None of
these herpesviruses was detected in blood plasma from either
HIV-1-infected or HIV-uninfected men.

On the contrary, the presence of EBV DNA was strongly as-
sociated with HIV-1 infection (P < .001): it was found in 28%
(median load, 3.2 log;, copies/mL [IQR, 2.7-3.6]) and 56%
(median load, 3.5 log;, copies/mL [IQR, 3.1-4.7]) of blood and
seminal plasma samples from HIV-1-infected individuals, re-
spectively. Among HIV-uninfected individuals, EBV DNA was
found in none of the blood plasma samples and in only 1 (3.5%;
5.52 log;o copies/smL) of the semen samples. Moreover, the
frequency of EBV DNA in HIV-1-infected individuals was sig-
nificantly higher in seminal than in blood plasma (P < .001).
Among the HIV-l-infected individuals with detectable EBV
DNA, 54% had EBV DNA in seminal plasma but not in blood
plasma, 27% had EBV DNA in both, and the remaining 19%
had EBV DNA in blood but not seminal plasma (P < .01)
(Figure 1C).

As with EBV DNA, the presence of CMV DNA was strongly
associated with HIV-1 infection: CMV DNA was found in
blood plasma of 16% (median load, 3.12 log;o copies/mL [IQR,
2.9-3.4]) and seminal plasma of 70% (median load, 5.3 log;,
copies/mL [IQR, 4.4-6.1]) (P < .01) of HIV-1-infected pa-
tients. In contrast, in HIV-uninfected individuals CMV DNA
was not detected in any of the blood plasma samples and in

only 3.5% (1 patient; 3.27 log;q copies/mL) of the seminal
plasma samples. Moreover, among the HIV-1-infected patients
with detectable CMV DNA, 77.4% had CMV DNA in seminal
plasma but not in blood plasma, 19.4% had CMV DNA in both
semen and blood plasma, and the remaining 3.2% had CMV
DNA in blood plasma but not in seminal plasma (P < .01)
(Figure 1D).

In summary, none of the tested herpesviruses was detected in
the blood plasma of the 27 HIV-uninfected individuals. In
contrast, either EBV or CMV was found in the blood plasma of
37% of the HIV-1-infected individuals (P < .001). In 18% of
these, both EBV and CMV DNA were detected, in 57% only
EBV DNA was detected, and in the remaining 25% only CMV
DNA was detected. No significant difference was found in the
blood plasma levels of EBV or CMV DNA between the patients
with only one of the viruses and those with both of these viruses.

In the seminal plasma of HIV-uninfected individuals, neither
HSV-2 nor HHV-8 DNA was found; EBV or CMV DNA was
found in 3.5% and HHV-6 or HHV-7 DNA in 6% of the semen
samples from these individuals. On the contrary, HSV-2, EBV,
CMV, HHV-6, HHV-7, or HHV-8 DNA was found in seminal
plasma samples from 92% of the HIV-1-infected individuals.
However, although all these herpesviruses were detected in semen
of HIV-1-infected individuals, only the frequency of EBV and
CMYV was significantly higher than in HIV-uninfected individuals
(P < .01) (Table 2). Among the HIV-1-infected patients, CMV
and EBV DNA were found in 39% and 24% respectively, and
EBV and CMV were concomitantly shed in semen in 37%. No
significant difference was found in the semen loads of EBV or
CMV between the patients with detectable DNA for only one of
these viruses and patients with both.

In conclusion, HIV-1 infection was significantly associated
with increased frequency of CMV and EBV DNA in both blood
and seminal plasma samples. However, in the majority of the
patients CMV and EBV were shed into semen even in the
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absence of blood plasma viremia, indicating that HIV-1 in-
fection is often associated with a compartmentalized re-
activation of CMV and EBV in the male genital tract.

Relation Between Herpesvirus Reactivation, HIV-1 Loads, and
CD4™ T-cell Counts

Because HIV-1 infection was associated with increased fre-
quency and load of CMV and EBV DNA but not of other
herpesviruses, we investigated whether these 2 parameters corre-
late with CD4 " T-cell counts and HIV-1 RNA loads. Among HIV-
l-infected patients, the presence of CMV DNA was associated with
a lower median CD4" T-cell count than in patients in whom no
CMYV DNA was detected: this difference was statistically signifi-
cant for blood (178.5 [IQR, 163-296] vs 288.5 cells/mm> [IQR,
220-439]; P = .03) but not for seminal plasma (265 [IQR,
180-397] vs 403 cells/ymm? [IQR, 219-611]; P = .08). No
significant difference was found in the CD4" T-cell counts
between HIV-1-infected patients with and those without EBV
DNA in blood or seminal plasma.

On the basis of the pattern of seminal detection of EBV and
CMV DNA, we divided the HIV-l-infected patients into 4
subgroups: (1) EBV-CMV dual shedders (17/50; 34%), (2) EBV
shedders (11/50; 22%), (3) CMYV shedders (18/50; 36%), and (4)
nonshedders (neither EBV nor CMV). The HIV-1 seminal loads
were significantly different among these 4 groups (P = .01): in
particular, dual shedders had a significantly higher HIV-1 sem-
inal load than nonshedders (P < .05). No significant differences
in the HIV-1 seminal loads were found in pairwise comparisons
among these 4 groups (Figure 2A). A similar pattern was found
in the levels of blood plasma HIV-1 for these 4 groups of patients
(P = .008) (Figure 2B). Thus, in HIV-1-infected individuals, the

concomitant shedding of EBV and CMV in semen is associated
with HIV-1 RNA loads in both blood and seminal plasma that
are higher than the loads in HIV-1-infected individuals shedding
neither of these 2 herpesviruses.

Cytokines and Chemokines in the Blood and Semen of
HIV-1-Infected and HIV-Uninfected Individuals
To evaluate the immunological profile of the blood and seminal
plasma of HIV-1-infected and HIV-uninfected individuals, we
measured the concentrations of 21 cytokines. We found that the
cytokine spectra in blood and semen of HIV-uninfected men are
profoundly different, because seminal plasma was enriched in
IL-1a, IL-7, IL-8, MIP-30, monocyte chemotactic protein
(MCP) 1, MIG, interferon gamma-induced protein (IP) 10,
stromal cell-derived factor (SDF) 1B, and TGF-B (P < .0001),
whereas blood plasma was enriched in IL-2, IL-16, MIP-1§,
and eotaxin (P < .0001). (RANTES was excluded from the
analysis because the nonspecific spontaneous degranulation of
this chemokine from platelets upon venipuncture renders its
measurement not representative of its specific release [15]).
Figure 3 displays the compartmentalization of cytokines by
paired sample ratios of their seminal plasma to blood con-
centrations. The profound difference in the blood and semen
cytokine profiles is also evident from the 2-way hierarchical
cluster analysis of cytokine concentrations in blood and semen
(Figure 4). In a comparison of the relative cytokine levels,
2 distinct cytokine profiles in blood and seminal plasma
samples were identified in both HIV-uninfected and HIV-1-
infected individuals.

However, HIV-1 infection resulted in aberrant production of
the cytokines in both seminal and blood plasma samples
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Figure 2. Cytomegalovirus (CMV) and Epstein-Barr virus (EBV) seminal shedding is associated with higher human immunodeficiency virus type 1 (HIV-1)
loads and higher levels of seminal RANTES. A, B, HIV-1 loads in seminal (A) and blood plasma (B). C, Levels of seminal RANTES. Presented are medians
and interquartile ranges. On the basis of the pattern of seminal EBV and CMV DNA, the HIV-1—infected patients were divided into 4 subgroups: (1) EBV-
CMV dual shedders, (2) EBV shedders, (3) CMV shedders, and (4) nonshedders (neither EBV nor CMV). Note that the concomitant seminal shedding of EBV
and CMV is associated with higher levels of HIV-1 seminal shedding, whereas CMV shedding is associated with higher levels of seminal RANTES.
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Figure 3. Cytokine spectra are different in blood and seminal plasma.
Median and interquartile ranges of cytokine concentration ratios in
seminal plasma and blood plasma samples (S:B) are shown for human
immunodeficiency virus (HIV)-uninfected (white bars) and HIV-1—infected
individuals (black bars). Asterisks denote a significant differences
between the S:B ratios in HIV-uninfected versus HIV-1-infected
individuals; ratios >1 or <1 indicate enrichment of a cytokine in semen
or blood plasma, respectively. Note that HIV-1 infection significantly
changes the compartmentalization of 11 of the 20 cytokines measured
in blood and seminal plasma. Abbreviations: GM-CSF, granulocyte-
macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; IP,
interferon gamma-induced protein; MCP. monocyte chemotactic protein;
MIG, monokine induced by gamma interferon; MIP, macrophage
inflammatory protein; SDF, stromal cell-derived factor; TGF, transforming
growth factor; TNF, tumor necrosis factor.

compared with those in HIV-uninfected individuals. In seminal
plasma of HIV-1-infected individuals, there was a significant up-
regulation of 16 of the 21 measured cytokines: IL-1a, IL-1, IL-6,
IL-7, IL-8, IL-16, MIP-1a, MIP-1B, MIP-30,, RANTES, MCP-1,
eotaxin, MIG, IP-10, SDF-1p, and TGF-B (P < .05) (Figure 5A).
In blood plasma, HIV-1 infection was associated with an altered
production of 9 of the 20 analyzed cytokines: whereas MIP-1[3
and SDF-1p were significantly down-regulated, we found a sig-
nificant up-regulation of IL-16, MIP-3a, MCP-1, eotaxin, MIG,
IP-10, and tumor necrosis factor (TNF) o (P < .05) (Figure 5B).

HIV-1 infection was also associated with an increased
compartmentalization of most of the cytokines. In samples
from HIV-1-infected patients, the median ratios of seminal
plasma to blood plasma concentrations for 11 cytokines were
significantly different from those in HIV-uninfected in-
dividuals: IL-10t (10.2 vs 4.6), IL-1B (1.2 vs 1), IL-6 (6 vs 1), IL-7
(204 vs 110), MIP-1o. (1.4 vs 1), MCP-1 (14.9 vs 7.5), SDF-1pB
(44.5 vs 7.9), MIG (5 vs 10.3), TNF-a, (0.46 vs 0.87), MIP-1f3
(0.68 vs 0.25), and eotaxin (0.03 vs 0.01) (P < .05) (Figure 3). In
summary, HIV-1 infection has a differential effect on cytokines in
blood and seminal plasma, resulting in profound changes in the
compartmentalization of the majority of the evaluated cytokines.

Effect of Seminal Shedding of Herpesviruses on the Cytokine
Spectra of HIV-1-Infected Individuals

Next, we evaluated the effects of CMV and EBV seminal shed-
ding on cytokine concentrations in semen of HIV-I—infected
individuals. Among the 47 HIV-1l-infected individuals whose
seminal cytokine levels were measured, 34 (72%) were CMV
shedders. In the seminal plasma of these individuals, we
found higher levels of RANTES, eotaxin, and MIG than in
HIV-1-infected individuals not shedding CMV in semen
(2.2-fold, 1.8-fold, and 1.2-fold, respectively; P < .05).
Analysis of cytokines in seminal plasma of HIV-1-infected pa-
tients revealed no significant differences between 25 patients
(53%) who were shedding EBV into seminal plasma and 22
patients without EBV DNA seminal shedding (P > .1).

Finally, the seminal levels of RANTES were significantly dif-
ferent (P < .03) among the 4 subgroups: 571 pg/mL (IQR,
325-751) for EBV-CMV dual shedders , 192 pg/mL (IQR,
147-649) for EBV shedders, 622 pg/mL (IQR, 460-767) for CMV
shedders, and 267 pg/mL (IQR, 234-292) for nonshedders. Al-
though the post hoc analysis did not reach statistical significance
for the pairwise comparisons of the median RANTES seminal
levels in these 4 groups, these data indicate that in semen of HIV-
l-infected individuals CMV shedding, independent of EBV
shedding, is associated with higher levels of RANTES (Figure 2C).
No significant differences were found among the 4 subgroups in
the seminal levels of eotaxin and MIG. In summary, we found
that CMV seminal shedding in HIV-1-infected individuals is
associated with changes in the seminal cytokine spectrum.

DISCUSSION

Seminal cytokines, which play an important role in HIV sexual
transmission, both affect and are affected by the replication of
HIV-1 and other copathogens, in particular herpesviruses. A deep
understanding of immunological and virological features of se-
men and their changes with HIV-1 infection is of paramount
importance for our knowledge of the biology of HIV-1 sexual
transmission [2, 6, 16].

Our data show that semen and blood are 2 separate immu-
nological compartments, in which concentrations of cytokines
and loads of coinfecting herpesviruses are profoundly different.
We found that semen is enriched in IL-1a, IL-7, IL-8, MIP-3a,
MCP-1, MIG, IP-10, SDF-1p, and TGF-f3, whereas blood is en-
riched in IL-2, IL-16, MIP-18, and eotaxin. With HIV infection,
the levels of blood and semen cytokines are significantly altered,
thus affecting the compartmentalization of the semen and blood
cytokine networks. HIV-1 infection changes the seminal cytokine
spectrum by up-regulating 16 of the 21 measured cytokines
(IL-1a, IL-1B, IL-6, IL-7, IL-8, IL-16, MIP-10,, MIP-1f3, MIP-3a,
RANTES, MCP-1, eotaxin, MIG, IP-10, SDF-1, and TGF-f).
Concurrently, in blood MIP-1f and SDF-1f are down-regulated,
and IL-16, MIP-30,, MCP-1, eotaxin, MIG, IP-10, and TNF-a up-
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Figure 4. Two-way hierarchical cluster analysis of cytokine concentrations in blood and semen. A, Cluster analysis for human immunodeficiency virus
(HIV)-uninfected individuals. B, Cluster analysis for HIV-1—infected individuals. The analysis was performed using Ward's method on log-transformed
blood and semen cytokine concentrations. Cytokine levels are expressed as color scales (blue represents low levels; red, high levels). Dendrograms under
color scales classify 2 clusters according to cytokine profiles in different individuals. Dendrograms on left side reflect proximities of cytokines.
Comparisons of relative cytokine levels and cytokine profiles in samples of blood and seminal plasma disclose 2 distinct cytokine profiles in both
HIV-uninfected and HIV-1—infected individuals. Abbreviations: GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; IP,
interferon gamma-induced protein; MCP, monocyte chemotactic protein; MIG, monokine induced by gamma interferon; MIP, macrophage inflammatory
protein; SDF, stromal cell-derived factor; TGF, transforming growth factor; TNF, tumor necrosis factor.

regulated. As a result of these changes, HIV-1 infection empha-
sizes the blood-semen compartmentalization of some cytokines
(IL-1e, IL-1B, IL-6, IL-7, MCP-1, SDF-1p, and TNF-a), whereas
it reduces that of others (MIG, eotaxin, and MIP-1).

Because the cytokine network in semen is different from that
in blood and the increase in the levels of seminal cytokines is not
always accompanied by an up-regulation of the same cytokines
in the blood, the up-regulated seminal cytokines seem to be
produced locally in the male genital tract. Thus, the changes in
cytokine levels that occur with HIV-1 infection may reflect
a profound dysregulation of the functional state of immune cells
resident in the male genital tract.

In particular, the increase in proinflammatory cytokines IL-10,
IL-6, IL-8, MIP-1B, MIP-30,, MCP-1, and RANTES could reflect
the expansion and activation of resident T cells, whereas the in-
crease in TGF-P, naturally enriched in semen to facilitate the
induction of immune tolerance to seminal antigens, could result
from the aberrant accumulation of regulatory T cells, as described
elsewhere for lymphoid tissues [17, 18]. Furthermore, remarkably
high levels of IL-7 (200 times higher than in blood) may play

a crucial role in the persistence and survival of memory T cells,
thus enriching both the pool of HIV-1 targets and the pool of
effector cells crucial to containing HIV-1 replication in this
compartment. Seminal CCR5-binding cytokines, up-regulated as
the result of HIV-1 infection may initially reduce replication of
CCR5-tropic HIV-1 variants but select for more cytopathic ones
[19]. At the same time, the increased level of CXCR4 ligands may
suppress CXCR4-tropic HIV-1 variants that are negatively se-
lected during HIV-1 sexual transmission, thus representing one
of the “gatekeepers” for this HIV-1 variant [20]. In general, the
complex seminal cytokine network may finely regulate the rep-
lication and the transmission of different HIV variants.

The seminal cytokine network already altered by HIV-1 in-
fection is further altered by herpesviruses reactivated in the male
genital tract. Our data indicate that such reactivation may occur
as a local phenomenon, because ~75% of the patients had CMV
seminal shedding and 54% of the patients had EBV seminal
shedding in the absence of blood plasma viremia. Moreover, the
median load of CMV in seminal plasma was >2 log;q copies/mL
higher than in blood plasma. These findings are consistent with
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Figure 5. Differential effect of human immunodeficiency virus type 1
(HIV-1) infection on cytokines in blood and seminal plasma. A, Levels of
cytokines in seminal plasma of HIV-uninfected (open circles) and HIV-
1-infected individuals (filled circles). B, Levels of cytokines in blood
plasma of HIV-uninfected (open circles) and HIV-1-infected individuals
(filled circles). Values presented are medians and interquartile ranges.
Asterisks denote a significant difference between median levels of
a cytokine in HIV-uninfected and HIV-1—infected individuals. Interleukin (IL)
2 and interferon (IFN) v were not detected in any sample of seminal
plasma, and no granulocyte-macrophage colony-stimulating factor (GM-
CSF) was found in blood plasma. The levels of RANTES in blood plasma are
not presented because the aspecific spontaneous degranulation of this
chemokine from platelets on venipuncture renders its measurement not
representative of its specific release. Note that HIV-1 infection differently
affects the production of each cytokine in blood and seminal plasma.
Abbreviations: IP, interferon gamma-induced protein; MCP, monacyte
chemotactic protein; MIG, monokine induced by gamma interferon; MIP,
macrophage inflammatory protein; SDF, stromal cell-derived factor; TGF,
transforming growth factor; TNF, tumor necrosis factor.

a previous report on CMV seminal shedding in HIV-1-infected
therapy-naive individuals [21]. Our work indicates that the
source of the EBV and CMV seminal shedding is not a systemic
reactivation of the infection accompanied by a “spillover” of virus
from the blood but rather their compartmentalized reactivation
in the male genital tract, further indicating that these 2 com-
partments are immunologically different.

The reactivation of herpesviruses in the genital tract is associ-
ated with an increase of HIV-1 seminal load. Future experiments
should reveal whether the high HIV-1 load and its immunological
consequences promote the reactivation of herpesviruses or vice
versa. Of course, a possibility remains that other sexual pathogens
not evaluated in our study may contribute to the modification of
the cytokine network and promote replication of both

herpesviruses and HIV-1. Nevertheless, the association of dual
EBV and CMV seminal shedding with a lower CD4" T-cell
count may indicate that the HIV-1-mediated loss of immune
control over CMV and EBV infections causes a reactivation
that could remain initially localized and become systemic only
afterward [22, 23]. Herpesviral genital reactivation is also
accompanied by changes in seminal cytokine spectrum. In-
deed, we found that the seminal shedding of CMV was asso-
ciated with an increased seminal concentration of the 2 CCR5
ligands RANTES and eotaxin, as well as with the increase of
the CXCR3 ligand MIG.

The net effect on HIV-1 replication of a complex cytokine
mixture is difficult to predict on the basis of the effects of in-
dividual cytokines, especially because these effects are often
ambivalent. For example, RANTES, up-regulated by CMV, will
block infection by CCR5-utilizing HIV-1 variants but promote
activation and expansion of CCR5-expressing T cells, potentially
enhancing HIV-1 replication. It is conceivable that the seminal
cytokine spectra altered by local infection with HIV-1, CMV,
EBV, and probably other viruses may favor selection of partic-
ular HIV-1 variants. The occurrence of such selection was
demonstrated in pig-tailed macaques: in animals coinfected with
HHV-6, which up-regulates RANTES, SIV acquired resistance
to RANTES [19]. Seminal cytokines may also play a role in the
selection of recently described transmitter/founder HIV-1 var-
iants. Selection of such variants may be a multistage process
starting in the male genital tract, in which the local in-
flammation, herpesviral reactivation, and cytokine levels may
play an important role [5, 24].

Finally, coinfecting viruses and cytokines present in semen
may alter not only HIV-1 replication and evolution in the male
genital tract but also the probability of HIV-1 transmission in
the female genital tract. In fact, cytokines and high loads of
seminal pathogens may alter the immunological landscape of the
female genital tract when delivered with the ejaculate, modifying
the recruitment and activation status of immune cells therein
[18]. Moreover, seminal cytokines together with viruses shed in
semen may determine the efficiency of HIV male-to-female and
male-to-male HIV transmission and thus should be considered
as another target in strategies aimed at preventing HIV-1
transmission. Such strategies require a deeper understanding of
the complex relationship between the cytokine milieu of semen,
HIV-1, and coinfecting viruses. Our data represent one of the
first steps toward this goal.
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