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Abstract

The penis is the primary site of HIV acquisition in heterosexual men. Elevated penile inflam-
matory cytokines increase sexual acquisition risk, and topically applied cytokines enhance
foreskin HIV susceptibility in an explant model. However, the impact of penile-vaginal sex
on these immune parameters is undefined. Heterosexual couples were recruited to the Sex,
Couples and Science (SECS) Study, with the collection of penile swabs, semen, cervico-
vaginal secretions, and blood after a period of abstinence, and repeated sampling up to 72
hours after either condomless (n = 30) or condom-protected (n = 8) penile-vaginal sex. Solu-
ble immune parameters were quantified by multiplex immunoassay. Co-primary immune
endpoints were penile levels of IL-8 and MIG, cytokines previously linked to penile HIV
acquisition. One hour after sex there were dramatic increases in penile IL-8 and MIG levels,
regardless of condom use, with a gradual return to baseline by 72 hours; similar patterns
were observed for other chemoattractant chemokines. Penile cytokine changes were similar
in circumcised and uncircumcised men, and repeated measures ANOVA and ANCOVA
models demonstrated that the degree of change after condomless sex was explained by
cytokine levels in their partners’ cervico-vaginal secretions. This may have important impli-
cations for the biology of penile HIV acquisition.

Author summary

In heterosexual men, the penis is the primary site of Human Immunodeficiency Virus
(HIV) acquisition. Levels of inflammatory cytokines in the coronal sulcus are associated
with an increased HIV risk, and we hypothesized that these may be altered after insertive
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penile sex. Therefore, we designed the Sex, Couples and Science Study (SECS study) to
define the impact of penile-vaginal sex on the penile immune correlates of HIV suscepti-
bility. We found that multiple coronal sulcus cytokines increased dramatically and rapidly
after sex, regardless of condom use, with a return to baseline levels by 72 hours. The
changes observed after condomless sex were strongly predicted by cytokine concentra-
tions in the vaginal secretions of the female partner, and were similar in circumcised and
uncircumcised men. We believe that these findings have important implications for
understanding the immunopathogenesis of penile HIV acquisition; in addition, they have
important implications for the design of clinical studies of penile HIV acquisition and
prevention.

Introduction

Global HIV incidence remains high, with relatively few prevention strategies targeting hetero-
sexual men. Currently, 17.4 million men are living with HIV worldwide [1], the majority of
whom acquired HIV through penile-vaginal sex [2]. While the risk of penile HIV acquisition
after condomless insertive vaginal sex with an HIV-infected, antiretroviral-naive female sexual
partner is less than 1/1000, this risk varies considerably based on a number of biological factors
[3]. Important determinants of transmission risk from an HIV-infected female partner are the
viral load in vaginal secretions and blood, and the presence of bacterial vaginosis (BV) [4-6].
In an HIV-uninfected male partner, risk factors for penile acquisition include the presence of
a foreskin, penile microbiome dysbiosis and/or a sexually transmitted infection (STI) [7-10].
The common central pathway through which these biological factors enhance transmission is
the induction of inflammation in the genital tract, which causes increased HIV RNA shedding
in the vagina and a higher density of HIV target cells in penile tissues, as well as reducing epi-
thelial barrier integrity at both sites [11].

Penile HIV susceptibility is not driven by a single immune parameter, but HIV acquisition
in uncircumecised Ugandan men was specifically linked to an elevated level of each of the
inflammatory chemokines IL-8 (CXCL8) and MIG (monokine induced by interferon gamma,
or CXCL9) in the foreskin prepuce. Both chemokines enhance tissue recruitment of activated
immune cells [12], and MIG also enhances HIV susceptibility in cervical tissues [13]. IL-8 is
produced by epithelial cells and recruits neutrophils to tissue sites of inflammation [14,15],
where the subsequent production of chemoattractants such as MIP-3a recruits highly HIV-
susceptible CCR5+CD4+ subsets including Th17 cells and activated CD4+ T cells [16,17]. In
keeping with this, levels of IL-8 in the prepuce were directly correlated with the density of
Th17 cells and neutrophils in the underlying foreskin tissue [12]. Similarly, levels of inflamma-
tory cytokines/chemokines in the female genital tract (FGT) have been linked with each of
HIV acquisition, an increased abundance of neutrophil proteases including MMP9, reduced
epithelial barrier integrity and an increase in endocervical CCR5+CD4+ T cell targets [18,19].
Key evidence that inflammatory cytokines at the penile surface play a causal role in HIV acqui-
sition comes from ex vivo models, where the topical application of inflammatory cytokine/che-
mokines (TNF and MIP-1a) to foreskin tissues resulted in the activation of foreskin APCs and
more than doubled the density of CD4+ T cell targets in the epithelium of the inner foreskin
[20].

The level of inflammatory cytokines/chemokines at the genital surface correlates with HIV
acquisition risk in cohorts of both men and women, but genital sampling in these studies was
deliberately structured to be at time points quite distinct from sexual activity, while in vivo
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virus penetration and productive infection of genital tissues occurs rapidly after HIV exposure
during unprotected sex [21-23]. Not only does sexual activity have physical effects that may
alter genital immunology, but both vaginal fluids and semen are rich in soluble immune fac-
tors and have a distinct microbiome [24-27]. This means that during unprotected penile-vagi-
nal sex the penis is exposed to cervicovaginal secretions that contain high levels of
inflammatory cytokines such as IL-10, as well as chemoattractants such as IL-8, MIG, MIP-f§
and MIP-30. However, the effects of penile-vaginal sex on penile immunology have not been
previously described.

To bridge this gap, the Sex, Couples and Science Study (SECS) protocol recruited estab-
lished heterosexual couples, assayed baseline genital immune parameters in both the male and
female partner, and then defined the effects of penile-vaginal sex on penile immunology. We
hypothesized that condomless (but not condom-protected) penile-vaginal sex would lead to
transient alterations in penile cytokines, and that these alterations would be more profound
and sustained in uncircumcised men as compared to circumcised men.

Results
Participant characteristics

Consenting STI-free couples (N = 40) participated in the SECS protocol through the Women’s
Health in Women’s Hands Community Health Center (WHIWH) in Toronto, Canada. Eligi-
ble couples abstained from sex for at least 48 hours prior to the baseline sampling visit, as indi-
cated by both self-report and a lack of Prostate Specific Antigen (PSA) in vaginal secretions,
and then abstained again for 48 hours prior to engaging in penile-vaginal sex and undergoing
longitudinal post-coital sampling. Couples decided which sex group they wanted to participate
in, and condom use was confirmed with PSA testing at all study visits. “Condomless sex” was
defined based on self-report and the detection of PSA in vaginal secretions one hour after sex.
Three couples with vaginal PSA detected at the baseline visit were excluded due to non-absti-
nence. In addition, three couples with a positive vaginal PSA result at the final study visit were
excluded from immune analysis at that time point. One couple participated twice, once in the
condomless and once in the condom-protected group, and one couple in the condom-pro-
tected group missed their final study visit. Therefore, the final sample set consisted of 37 cou-
ples: of these, 30 couples participated in the condomless sex group, and 8 couples in the
condom-protected sex group (see S1 Table for comparing baseline characteristics between
condomless sex and condom-protected sex group). The median age of the male participants
was 22 years (Interquartile range (IQR), 21 to 26 years); 18 male participants were circumcised
and 19 uncircumcised. The median duration of the relationship at couple enrolment was 18
months (IQR, 6.5 to 36 months). Demographic data are shown in Table 1.

The median self-reported duration of sexual abstinence prior to the baseline sampling visit
was 4 days (IQR, 3 to 7 days), and from baseline sampling to penile-vaginal sex for study pur-
poses was 44 hours (IQR, 41 to 64 hours). After male ejaculation the mean time to collection
of the first post-sex genital sample was 75 minutes (IQR, 60 to 90 min; see Fig 1 for the study
protocol), to collection of the second sample was 7.2 hours (IQR, 6.8 to 7.5 hours) and to col-
lection of the third sample was 72.8 hours (IQR, 52 to 79.5 hours).

Penile immune parameters at baseline

Soluble immune parameters that were quantifiable in <60% of penile swabs at the first post-
sex visit were analyzed as dichotomous variables (i.e., detectable/undetectable), and those
quantifiable in >60% of swabs as continuous variables. At baseline, levels of soluble immune
factors on the penis demonstrated considerable heterogeneity. Cytokine/chemokines IL-8,
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Table 1. Male participant characteristics (N = 37).

Characteristic Total (N = 37)
Age (median, range) 22 (18-44)
Ethnicity (n)

Asian 15
White 15
Middle Eastern 3
Latin American 2
Mixed 1
Circumcision status (n)

Circumcised 18
Uncircumcised 19
Relationship duration (Median, range in months) 18 (1-96)
Time since last sex at baseline (Median, range in days) 4(2-23)
Frequency of sex over past month (Median, range) 6 (1-25)
Self-reported STI (ever) (n (%)) 6(16.2%)
Penile washing (n (%)) 23 (62.2%)
Female partner bacterial vaginosis™ (n (%)) 5(13.5%)

*Defined by Nugent’s score

https://doi.org/10.1371/journal.ppat.1009948.t001

MIG, IL-10,, MIP-18, E-cadherin and MMP9 were most abundant and considered as continu-
ous variables, while IFNo2a, IL-17, IL-6, and MIP-30 were less frequently detected and there-

fore analyzed as dichotomous variables.

The majority of soluble immune factors were enriched in the coronal sulcus compared to
the penile shaft (S2 Table), particularly E-cadherin (median, 1,167.49; IQR, 318.08 to 3402.88
pg/swab coronal sulcus vs 358.04; IQR, 158.66 to 998.59 pg/swab shaft; p = 0.007; S1 Fig).
However, MIP-3a and IL-6 were detected more frequently on the shaft, and IL-1c levels were
higher on the shaft (median, 1,154.55; IQR, 526.01 to 2766.80 pg/swab coronal sulcus vs
2,041.04; IQR, 1096.41 to 6070.13 pg/swab shaft; p = 0.047). There was no significant

48 hrs 48 hrs
abstinence abstinence
from sex from sex
A A
[ | \
1 | | | | |
| | ! | I 1
Screening Baseline Penile- 1 hour after 7 hours after 72 hours after
(48 hours before sex)  vaginal sex sex sex sex
Blood Semen Penile swabs Penile swabs Penile swabs
Urine Penile swabs Blood Blood Blood
Blood
Cervico-vaginal secretion
Vaginal swab
Fig 1. Overview of the study protocol. Diagrammatic illustration of the study protocol. Arrows indicate samples collected at specific study visits.
https:/doi.org/10.1371/journal.ppat.1009948.9001
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correlation between the baseline level/number of detectable cytokines in the coronal sulcus
and participant age, ethnicity, circumcision status, relationship length, condom use, penile
washing, time since last sex, number of sex acts during last months and BV status of the female
partner. Moreover, no correlation was seen at baseline between penile cytokine/chemokine
levels and the Nugent score of a man’s female partner.

Comparison of baseline penile, semen and cervico-vaginal cytokine levels

Since the penile shaft and coronal sulcus have direct contact with cervico-vaginal secretions
during condomless penile-vaginal sex, and with semen after ejaculation during condom-pro-
tected sex, baseline (ie: pre-sex) levels of immune parameters were compared between these
four sites (Table 2). Importantly, while cytokine levels for semen and cervical secretions were
corrected for dilution and reported as concentration/unit volume, this was not feasible for
swabs of the penile shaft or coronal sulcus, which are therefore reported as concentration/
swab. Cervico-vaginal secretions were substantially enriched for IL-8, IL-1c. and MMP9, while
semen had the highest concentrations of IP-10 and MIG. Cytokine levels at the penile shaft
and coronal sulcus were generally much lower (Table 2), with the exception of IL-1a which
was enriched on the penile shaft and coronal sulcus compared to semen.

Impact of penile-vaginal sex on cytokine levels in the coronal sulcus

Levels of IL-8 and MIG in the coronal sulcus immediately after sex constituted our pre-defined
primary study endpoints, since their detection at this tissue site has been correlated with HIV
acquisition risk [12]. Levels of both chemokines were dramatically elevated in the coronal sul-
cus one hour after penile-vaginal sex (Fig 2). Increases were most marked after condomless sex
(median difference, IL-8 +166.23; IQR, 35.17 to 754.37 pg/swab p<0.001; MIG +4.78; IQR,
0.55 to 32.13 pg/swab, p<0.001; Fig 2A and 2C), but were also apparent after condom-pro-
tected sex (median difference, IL-8 +5.59; IQR, 2.55 to 17.02 pg/swab and MIG +6.67 pg/swab;
IQR, 1.94 to 42.48 respectively, p = 0.012 for both; Fig 2B and 2D). Coronal sulcus levels of
both cytokines subsequently declined over time (Fig 2A, 2B, 2C and 2D). IL-8 levels remained
elevated at 7 hours and fell to baseline by 72 hours post sex, while MIG levels returned to base-
line by 7 hours, and in the condomless sex group actually fell significantly below baseline levels
at 72 hours (median difference, MIG -0.28; IQR, -1.98 to 0 pg/swab, p = 0.001; Fig 2C).
Secondary endpoints included the impact of penile-vaginal sex on coronal sulcus levels of
other inflammatory cytokine/chemokines (IP-10, MIP-1, IL-1a), the epithelial disruption
biomarker E-cadherin, and the neutrophil protease MMP9. In general, the impact and time
course of changes was similar to that described for our primary endpoints (Fig 2), although the

Table 2. Baseline immune parameters at different genital sites.

Immune parameter Coronal Sulcus Penile shaft CVS Semen
Median pg/swab Median pg/swab Median pg/ml Median pg/ml
IL-8 2.81 1.36 28,630.28 1,160.55
MIG 0.34 0.09 129.02 25,283.01
IL-1a 1,154.55 2,041.04 25,229.80 201.24
MMP-9 19.44 8.12 539,872.01 5,590.46
E-cadherin 1,167.49 358.04 71,820.66 288,695.09
IP-10 0.99* 0.99* 1,437.75 36,334.86
MIP-18 13.9 13.9 472.43 646.69

* Median value equal to the lower level of detection (LLOD) for immune parameter

https://doi.org/10.1371/journal.ppat.1009948.t002
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Fig 2. Impact of penile-vaginal sex on soluble immune factors in the coronal sulcus. Time course of IL-8 (pg/swab) changes after (A)
condomless sex (N = 30), and (B) condom-protected sex (N = 8). Time course of MIG (pg/swab) changes after (C) condomless sex (N = 30), and
(D) condom-protected sex (N = 8). Red dotted line represents immune parameter lower level of detection (LLOD), and numbers in red show the
median cytokine concentration at each visit. Median change from baseline (log10 transformed) and interquartile range for penile immune
parameters are shown at 1 hour post condomless (N = 30; E) or condom-protected sex (N = 8; F), at 7 hours post condomless (N = 30; G) or
condom-protected sex (N = 8; H) and at 72 hours post condomless (N = 27; I) or condom-protected sex (N = 7; J). Cytokine concentrations were
log10 transformed for illustration. Statistical comparisons used the two-tailed Wilcoxon Signed Ranked test, * p<0.05, ** p<0.01, *** p<0.001.

https://doi.org/10.1371/journal.ppat.1009948.9002

degree of change varied by cytokine and by condom use. A notable exception was IL-1a,
where levels did not change after condomless sex (median difference, + 32.43; IQR, -864.67 to
590.59 pg/swab, p = 0.861; Fig 2E), and actually fell after condom-protected sex (median differ-
ence, -1,004; IQR, -2854.46 to -66.03 pg/swab, p = 0.036; Fig 2F). Similarly, cytokines that were
present in the coronal sulcus at lower levels and so dichotomized into detectable/undetectable
(IL-6, IL-17, MIP-30. and IFNo2a) were generally more commonly detected 1 hour after con-
domless sex (all p<0.004). There was also an increase in the total number of soluble immune
factors detected in the coronal sulcus 1 hour after sex, regardless of condom use (both
p<0.032), which fell to baseline by 7 hours and actually decreased significantly by 72 hours in
men who had condomless sex (5; IQR, 4 to 6 versus 4; IQR, 4 to 5, p = 0.013). The prior dura-
tion of the relationship was not correlated with the extent of penile cytokine/chemokine
changes after condomless sex (all p>0.1).

In addition, the fold change in penile cytokines from baseline to 1, 7 and 72 hours post-sex
were log2 transformed and presented as a heat-map (Fig 3). Unsupervised hierarchical cluster-
ing did not show evidence of clustering by condom presence/absence, although there was a
trend for cytokine changes in the condom-protected group to be reduced when compared to
their nearest condomless neighbours (S2A Fig).

The impact of penile-vaginal sex on cytokine levels on the penile shaft

Cytokine changes on the penile shaft generally mirrored patterns seen in the coronal sulcus.
All cytokines except IL-1o increased significantly 1 hour after sex (p<0.001) and returned to
baseline by 72 hours, with changes being most pronounced in the condomless sex group (S3
Fig). Unexpectedly, among men having condomless sex levels of IL-10., IL-8, MIG, E-cadherin
and MMP9 had all fallen significantly below baseline levels at 72 hours (p<0.05 for all; S3 Fig).
The number of detectable cytokines on the penile shaft increased 1 hour after sex, regardless of
condom use (both p<0.02), and in men who had condomless sex actually decreased signifi-
cantly by 72 hours (4.5; IQR, 3.25 to 5.75 versus 4, IQR, 2 to 4, p = 0.001).

No impact of penile circumcision on penile cytokine changes after penile-
vaginal sex

Uncircumcised men are at a higher risk of penile HIV acquisition [28], and so we hypothesized
that immune changes after sex would be greater and/or more sustained in uncircumcised
men. Among couples who had condomless sex, 16/30 (53%) male partners were uncircum-
cised. Baseline levels of immune factors in the coronal sulcus did not differ significantly
between circumcised and uncircumcised men (S4 Fig). One hour after condomless sex, IL-8
increases were similar in both circumcised and uncircumcised men, and while at 7 hours they
only remained significantly elevated in uncircumcised men, the levels were broadly similar
(median difference, +41.9; IQR, 5.7 to 150.25 pg/swab versus +6.23; IQR, -0.75 to 141.63 pg/
swab p = 0.383; Fig 4A). Unexpectedly, the immediate increase in coronal sulcus MIG levels
tended to be more marked in circumcised men vs uncircumcised men (median of difference,
+12.1; IQR, 1.12 to 74.10 pg/swab versus +2.06; IQR, 0.23 to 20.82 pg/swab, p = 0.135; Fig 4B),

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009948 January 4, 2022 7/19


https://doi.org/10.1371/journal.ppat.1009948.g002
https://doi.org/10.1371/journal.ppat.1009948

Impact of sex on penile immunology

PLOS PATHOGENS
IL-8 MIG sEcad MMP9 MIP1B 1P-10 IL-1a
[2] w w
e (L RE (R
L LN LN L)L ON
— N~ — N~ M~ — N~ M~

-12.15

1.00

Fig 3. Penile cytokine changes after sex. The penile cytokine changes 1 hour, 7 hours and 72 hours after sex
(condomless and condom-protected). Penile cytokine changes are presented as log2 transformed fold changes

-l

-

15.54

8/19

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009948 January 4, 2022


https://doi.org/10.1371/journal.ppat.1009948

PLOS PATHOGENS

Impact of sex on penile immunology

compared to baseline at each time point after sex. Scale denotes log2 transformed fold changes ranging from -12.15 to
15.54, and 1 is no change. The numbers of participants with paired samples are in 1hr = 38 in 7hrs = 38 and in
72hrs = 34.

https://doi.org/10.1371/journal.ppat.1009948.9003

with no difference in subsequent declines over time. Similar patterns were seen for circum-
cised and uncircumcised men in secondary immune endpoints, including coronal sulcus levels
of E-cadherin, MMP-9 and other cytokines/chemokines (Fig 4C, 4D, 4E, 4F and 4G), and in
the number of detectable cytokines. Moreover, unsupervised hierarchical clustering did not
demonstrate clustering based on circumcision status (S2B Fig).

Penile immune changes reflect exposure to cytokine-rich fluids during sex

Since the baseline concentration of most immune parameters was relatively low in the coronal
sulcus (Table 2), we hypothesized that the dramatic changes seen after sex might have been
mediated by exposure to cytokine-rich fluids during sex, specifically to cervico-vaginal secre-
tions (CVS) during condomless sex or to ejaculate/pre-ejaculate during condom-protected
sex, rather than by the act of sex itself. To explore this hypothesis, we performed a repeated
measures ANOVA of the change in coronal sulcus cytokines (IL-8 and MIG) at three time
points post-sex (1, 7 and 72 hours) both with and without including the baseline concentration
of the cytokine in CVS (for condomless sex) or semen (for condom-protected sex) as a covari-
ate (ANCOVA). This allowed us to test whether differences in the within-person coronal sul-
cus concentration of cytokines post-sex could be explained by baseline concentrations of IL-8
in the CVS or semen. For all repeated measures ANOVA and ANCOVA models examined,
Mauchly’s test indicated that the assumption of sphericity was not violated (p>0.05). The
repeated measures ANOVA examining changes in coronal sulcus concentration of IL-8 after
sex exhibited a significant within person linear decrease over time (F(,, 52) = 47.766, p<0.001),
and significant between subject effects (F(;, 2¢), 123.31, p<0.001), indicating that levels of Il-8
were significantly different among individuals after sex and declined over time. However,
when baseline IL-8 in CVS was included in the model as a covariate (ANCOV A), neither the
within nor between subject effects were significant (F,, 4g)within = 0.695, p = 0.504; F(1, 24)between
= 1.19, p = 0.284, respectively), and there was no interaction between time and baseline IL-8
values (F 2, 48)time*IL-8baseline = 0.357, p = 0.70), indicating that differences in the concentration
of IL-8 in the CVS are sufficient to explain the change in IL-8 in the coronal sulcus post-sex,
and these likely mediated the penile immune changes.

For the second primary endpoint, coronal sulcus MIG, the repeated measures ANOVA
identified a significant linear decline in MIG post-sex in the coronal sulcus but no significant
differences between subjects, (F(2, 52) within = 72.19, p< 0.001, F(1 26) between = 0.007, p = 0.93).
However, when female baseline MIG levels in CVS were included as a covariate, neither the
within-subject effects nor the interaction between time and MIG baseline levels in CVS were
significant (F (5, 4g)within = 2.64, P = 0.081; F(, 48)time* MiGbaseline = 0.206, P = 0.81). These results
show that the post-sex levels of coronal sulcus cytokines IL-8 and MIG decline over time, but
the overall change in cytokine levels can be explained by exposure to these cytokines in the
CVS of their female partners.

Similarly, we employed a repeated measures ANOVA to assess whether adjusting for base-
line levels of IL-8 or MIG in semen could explain changes in post-sex levels of coronal sulcus
cytokines after condom-protected sex. The repeated measure ANOVA showed significant lin-
ear declines for both coronal sulcus IL-8 and MIG (both p< 0.05) and no differences between
subjects, but when the values were adjusted for baseline IL-8 in semen, the change was not sig-
nificant (F(2 10)within = 0.85, P = 0.456), indicating that exposure to IL-8 in self-semen in the
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Fig 4. Circumcision status and penile cytokine changes after condomless sex. Change (A) in the coronal sulcus level of (A) IL-8
(pg/swab) (B) MIG (pg/swab) (C) IP-10 (pg/swab) (D) MIP-1 (pg/swab) (E) IL-1o. (pg/swab) (F) E-cadherin (pg/swab), (G) MMP9
(pg/swab) at 1 hour, 7 hours and 72 hours after condomless sex in uncircumcised men (N = 16) and circumcised men (N = 14). P-
values refer to change from baseline in immune parameters, using two-tailed Wilcoxon Signed Ranked test. p>0.05 was considered

non-significant (ns).

https://doi.org/10.1371/journal.ppat.1009948.9004

condom protected group can explain the observed changes in coronal sulcus IL-8. On the
other hand, correcting for the baseline semen MIG reduced the effect size of within-subject
differences in coronal sulcus MIG levels post-sex, but the differences remained significant and
there was no interaction between time*baseline MIG (F(2,12)an0va = 12.16, P = 0.001 versus
F2,100ancova = 5.62, P = 0.023). These results suggest that while the changes in coronal sulcus
IL-8 concentration post condom-protected sex reflect exposure to semen, additional factors
may play a role in coronal sulcus levels of MIG.

The impact of penile-vaginal sex on T cell parameters in blood

The 04p7 integrin homes lymphocytes from blood to mucosal tissues. Expression of this integrin
(and of the proxy CD4+B7 ™€" [29,30]; see S5 Fig for the gating strategy) on blood CD4+ T cells
is induced by mucosal procedures such as circumcision and rectal biopsy [31], and an increased
frequency of B7 8" CD4 cells in the blood is directly linked to heterosexual HIV acquisition
[30]. While there was no overall change in the proportion of blood CD4-+37 "&"
domless sex (Fig 5, all p>0.2), the proportion of CD4+B7 M&" T cell increased significantly 7
hours after sex in uncircumcised men (p = 0.024), while in circumcised men there was a signifi-
cant decrease immediately after sex (p = 0.035). There were no overall changes after condomless
sex in the proportion of activated CD4+ T cells, CCR5+CD4+ T cells and CCR6+CD4+ T cells
in blood (all p>0.1), although the proportion of Tregs fell at 1 hour and 72 hours (median differ-

T cells after con-

ence = - 0.48%, p = 0.02; median difference = - 0.38%, p = 0.044, respectively).

Discussion

Penile-vaginal sex is the major route of HIV acquisition in heterosexual men [2]. While the
per-contact risk of HIV acquisition is less than 1/1000 after condomless penile-vaginal sex
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Fig 5. Impact of penile-vaginal sex on blood CD4+p7 high T cells. Change (A) in the proportion of CD4+B7 high T cell in blood 1 hour, 7 hours and 72 hours

after condomless sex (N = 30). Statistical comparisons were performed using two-tailed Wilcoxon Signed Ranked test.

https://doi.org/10.1371/journal.ppat.1009948.9005
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with an antiretroviral treatment-naive female sexual partner who is living with HIV [3], several
biological factors can increase this transmission probability [9]. The clearest risk factor for
penile virus acquisition is the HIV RNA viral load in the cervico-vaginal secretions of a female
partner [4]. However, HIV acquisition in uncircumcised men is also associated with the prior
detection of the chemokines IL-8 and MIG in the coronal sulcus, although the origin of these
cytokines is unknown and the stability of their levels over time has not been investigated [12].
Since key mucosal events underpinning HIV transmission happen within hours of sexual
exposure, the current study was performed to explore in detail the impact of penile-vaginal sex
on penile immunology. In general, there were dramatic increases in penile cytokines/chemo-
kines immediately after sex that mirrored the higher levels of these immune factors in the cer-
vico-vaginal secretions of a man’s female partner (after condomless sex) or a man’s own

semen (after condom-protected sex), and that were therefore likely mediated via direct contact
with these genital fluids. This was supported by the fact that penile IL-1c levels did not change
after condomless sex and actually fell after condom-protected sex, since IL-10. is by far the
most abundant cytokine in the coronal sulcus, with levels that approach those in CVS and con-
sistently exceed those in semen (Table 2). All cytokine changes returned to baseline levels
within 72 hours with the exception of MIG, whose levels actually fell below baseline 2-3 days
after condomless sex.

While penile cytokine levels have been clearly linked to HIV acquisition risk [12], the fact
that the dramatic observed changes appeared to reflect “coating” with genital secretions from a
female partner might temper the expectation that this would causally affect HIV transmission.
However, a previous study showed that the direct topical application of inflammatory cytokine/
chemokines (TNF and MIP-10) to foreskin tissues in an ex vivo explant model activated tissue
APCs and more than doubled the density of CD4+ T cell targets in the inner foreskin epithe-
lium of the inner foreskin [20], a key determinant of transmission risk [32,33]. In addition,
inflammatory cytokines cause epithelial disruption in a model of the female genital epithelium
[34]. Therefore, there are at least two mechanisms by which externally-induced changes in cyto-
kine levels on the penile surface could have an important impact on HIV acquisition risk. Inter-
estingly, since bacterial vaginosis (BV) increases inflammatory cytokines in the female genital
tract [35,36], our observations also provide a potential explanation for the increased HIV trans-
mission observed to male partners of HIV-infected women with BV, independent of the HIV
RNA levels in vaginal secretions [37]. While we did not observe any difference in the coronal
sulcus level of IL-1a (a key cytokine increased by BV in the FGT) or in the magnitude of penile
IL-1o changes after condomless penile-vaginal sex based on BV status of a man’s female part-
ner, we were underpowered to explore this hypothesis since only 5 female partners had BV.

Uncircumcised men have higher levels of IL-8 at the coronal sulcus as compared to circum-
cised men, and the level of IL-8 at this tissue site correlates with an increased CD4+ target cell
density in the underlying tissues and with increased HIV acquisition risk among uncircum-
cised men [12]. Therefore, we hypothesized that the IL-8 increase after condomless sex would
be more pronounced and sustained in the coronal sulcus of uncircumcised men. However, in
contrast to our hypothesis, IL-8 (and other cytokine) changes were comparable between cir-
cumcised and uncircumcised men, and the timing of cytokine changes was also broadly simi-
lar (it should be pointed out that the immune correlates of penile HIV acquisition in
circumcised men have not been described). Given that the distal urethra is proposed to be an
important site of HIV acquisition in the circumcised penis, future investigation of how con-
domless sex alters the immune milieu in the urethra would be very interesting.

While the SECS study provides novel insights regarding the impact of penile-vaginal sex on
penile immunology, it should be acknowledged that our study has some limitations. While
cytokine concentrations in semen and cervico-vaginal secretions could be directly calculated
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per unit volume of secretions, the much lower volume of fluid on the penile surface means that
cytokine concentrations here could only be reported per swab; since it is not known exactly
what fluid volume each penile swab absorbed during sampling, the dilution factor for penile
swab samples could not be determined. However, we estimate the average volume of absorbed
fluid per swab to be ~50 pl, meaning that cytokine levels would be diluted about 10-fold, and
that CVS would still have considerably higher levels of most cytokines tested than the penile
coronal sulcus or shaft. This much higher concentration of cytokines in CVS also makes it dif-
ficult to ascertain the degree to which local cytokine production in penile epithelial cells might
contribute to the changes seen after sex and such endogenous changes, if they occur, might
have more immune impact within penile tissues than exogenously applied cytokines. Finally,
HIV transmission will generally occur after condomless penile-vaginal sex with an HIV-
infected female partner, and for ethical reasons all female partners in the SECS study were
HIV-uninfected. However, levels of genital pro-inflammatory cytokines have been found to be
comparable between HIV-negative women and women living with HIV [38], which suggests
that condomless sex with an HIV-positive female partner would induce similar alterations in
penile immunology as observed in our current study.

In summary, we have demonstrated that penile-vaginal sex induced a rapid and dramatic
increase in the penile level of cytokines previously linked to HIV acquisition in heterosexual
men. These changes generally peaked soon after sex, resolved slowly over 2-3 days, and
reflected exposure to cytokine-rich female genital secretions (after condomless sex) and semen
(after condom-protected sex). These findings further our understanding of the biology of
penile HIV acquisition, and also have implications for the period of abstinence recommended
prior to penile sampling for ex vivo immune studies.

Methods

Ethics statement

The protocol was approved by the HIV Research Ethics Board at the University of Toronto. At
the screening visit, the research nurses at WHIWH provided detailed information about the study
to potential participants and written informed consent was taken from all interested participants.

Study design

Couples were recruited into Sex, Couples and Science Study (SECS) protocol from 7/2017 to
11/2018, through the Women’s Health in Women’s Hands Clinic (WHIWH) (Toronto, Can-
ada). Flyers were posted within the WHIWH centre and across the University of Toronto

St. George campus. At the screening visit, participants were tested for sexually transmitted
infections and pregnancy. Exclusion criteria were infection with HIV-1/2, syphilis, Neisseria
gonorrhoeae (GC) and/or Chlamydia trachomatis (CT); age <16 yrs; pregnancy; clinical genital
ulcers or discharge; irregular bleeding; taking immunosuppressive medications and having
taken antibiotics within one month prior to study enrollment. For this observational study, we
aimed to recruit 40 couples with an approximately equal number of circumcised and uncir-
cumcised men. The co-primary study endpoints were defined as changes in the coronal sulcus
levels of the chemoattractant chemokines, IL-8 and MIG, since these specific chemokines were
previously linked to HIV acquisition in heterosexual men [12].

Sampling protocol

Participants attended five clinic visits; screening, baseline (48 hours before sex) and post-sex
follow up visits at 1-2 hours, 7 hours and 72 hours after male partner ejaculation (Fig 1). At
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the screening visit, blood and urine were collected for STI diagnostics, and eligible participants
were asked to abstain from sex 48 hours before the baseline visit. At the baseline visit, partici-
pants completed a demographic/behavioural questionnaire and blood/genital samples were
collected. Couples were then asked to abstain from sex again for 48 hours before having one
episode of penile-vaginal sex for the SECS study. Couples had either condomless sex or con-
dom-protected sex, based on their preference; men were requested not to wash after sex, and
repeat blood/genital samples were collected at 1-2 hours, 7 hours and 72 hours. Men provided
samples in the following order: four self-collected penile flocked swabs, urine and blood. Two
sets of pre-moistened flocked swabs were collected from the left and right side of the penis,
one swab from the coronal sulcus/glans and one swab from the shaft (see S1 File for the sam-
pling instruction). Two swabs were placed in 500 ul PBS, and two swabs were placed in cryovials
with no media. All swabs were frozen down at -80°C within 30 min after collection. At the base-
line visit only, semen samples were collected one hour earlier at home by masturbation into a
sterile container containing 10 ml RPMI, as previously described [39]. Female participants pro-
vided self-collected cervico-vaginal secretions at each visit using an Instead Softcup (Evofem,
San Diego, CA) inserted for 1 minute, and a vaginal swab smeared onto a glass slide, that was
air-dried for Gram’s staining. All genital samples were stored at 4°C and transported to the lab-
oratory within 30 min of collection. Peripheral blood mononuclear cells (PBMCs) were isolated
by Ficoll-Hypaque density centrifugation at 483g for 30 min, counted, and washed in R10
medium. One aliquot of one million PBMCs was used for staining of T cell subsets.

STI and BV diagnostics

Testing for GC and CT in first-void urine samples was performed by nucleic acid amplification
test (NAAT; ProbeTech Assay, BD, Sparks, MD). Testing for HIV-1/2 and syphilis were per-
formed by chemiluminescent microparticle immunoassay (CMIA) (ARCHITECT System,
Abbott GmbH & Co. KG). A vaginal swab was smeared onto a glass slide, air-dried and
Gram’s stained to diagnose bacterial vaginosis (BV) using Nugent criteria. Women with
Nugent score > = 7 were considered as BV+. All STT and BV diagnostics were performed at
the Sinai Health Systems Microbiology Laboratory, Toronto, Canada.

PSA testing

Cervical secretions were used to test the presence of Prostate-Specific Antigen (PSA; Serateac
PSA Semiquant kit, Gottingen, Germany) as a marker of recent sex.

Immune cell phenotyping

PBMCs were stained with CD45RA-FITC (BioLegend), CD8- Percp cy5.5 (eBioscience),
B7-APC (BD Biosciences), CD127-APCef780 (eBioscience), CD25-BV421(BD Biosciences),
CD4-BV650 (BD Biosciences), CCR6-BV711 (BD Biosciences), CD3-BV785 (BD Biosciences),
04-PE (BD Biosciences), CCR5-PE-CF549(BD Biosciences), CCR7-Pe-cy7 (BD Biosciences),
HLA-DR-BUV395 (BD Biosciences), CD69-BUV737 (BD Biosciences) and Live/Dead Aqua
(Invitrogen). Cells were enumerated using a BD LSR Fortessa X20 flow cytometer (BD Sys-
tems) and analyzed with FlowJo 10.4.1 software (TreeStar, Ashland, OR) by the same
researcher for consistency.

Cytokine analysis

All cytokine/chemokine multiplex arrays were performed by research personnel blinded to
participant demographics. Penile swabs were vortexed vigorously for 1 minute, the swabs were
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inverted and spun down at 112g for 2 minutes. The swabs were discarded and the cryovials
were frozen at -80°C. Cervico-vaginal secretions (CVS) collected by Softcup as described pre-
viously (see Methods) were diluted 10-fold using sterile PBS and spun down at 1730g for 10
min. Subsequently, the supernatant was frozen at -80°C for cytokine analysis. The levels of
cytokines IL-1a, IP-10, IL-8, MIP-3a, MIP-1, IL-17a, IFN-02a, IL-6, MIG, E-cadherin and
MMP9 were measured in duplicate by multiplex immune assay according to the protocol
(Meso Scale Discovery, Rockville, MD). The samples were plated at 25 ul per well. The stan-
dard curve was used to determine the lower and upper limit of detection and concentration of
each analyte (pg/ml). Any sample above the upper limit level of detection was diluted and the
multiplex immunoassay was repeated for that sample. The highest LLOD value across runs
was selected as the LLOD for each analyte. The LLODs were as follow: IFNo2a = 0.28pg/ml;
IL-17 = 1.20pg/ml; MIP-30. = 4.27pg/ml; IL-6 = 0.25pg/ml; IL-10. = 20.6pg/ml; IL-8 = 0.10pg/
ml; MIG = 0.086pg/ml; IP-10 = 0.99pg/ml; MIP-1p = 13.9pg/ml; E-cadherin: 53.9pg/ml;
MMP-9: 0.35pg/ml. Samples that were below the limit of detection (LLOD) were given the
LLOD value. Samples that were above the LLOD value but below LLOD+30% with a high CV
were not repeated and the LLOD value was given to those samples. Samples that were above
the LLOD with a CV repeatedly higher than 30 were excluded from analysis. Samples provided
by each couple at all study visits were run on the same plate to minimize any variability due to
plate-to-plate variability.

Statistics

Data analysis was performed using IBM SPSS v.24 and graphs were prepared by GraphPad
Prism v.7. A two-tailed non-parametric statistical analysis was performed to minimize the
effect of outliers on our results. A comparison of the baseline cytokine levels was analysed
using the Mann-Witney U test. The primary endpoints for cytokine analysis were defined as
the levels of immune cell chemoattractant, IL-8 and MIG. Cytokine values were considered
detectable, if the value was above LLOD, and undetectable if the value was< = LLOD. Penile
cytokines that were detectable in > = 60% of men at 1 hour after sex were considered as con-
tinuous variable. To assess correlates of penile cytokine changes after sex, comparisons were
performed using the two-tailed Wilcoxon Signed Ranked test. Penile cytokines that were
detectable in <60% of men 1 hour after sex were analysed as dichotomous variables. The
McNemar test was used to analyse dichotomous variables. Repeated measures analyses: to ana-
lyse the effect on coronal sulcus cytokine levels of exposure to female partner’s CVS during
condomless sex, or to semen during condom-protected sex, repeated measures ANOVA and
ANCOVA were performed on logl0 transformed cytokine values in the coronal sulcus 1, 7
and 72 hours post-sex, using the log10 transformed cytokine values from the baseline CVS
sample of their partner (condomless sex) or their own semen (condom-protected sex) as a
covariate for the ANCOVA. All models were examined to test whether they met Mauchy’s test
of sphericity. Results of the repeated measure ANOVA and ANCOVA were compared to
assess whether adjusting for baseline concentrations of cytokines in the cervico-vaginal cyto-
kines or semen explained within and between subject post-sex changes in coronal sulcus cyto-
kines. For the ANCOVA, the interaction between baseline cytokine concentration * time was
also examined to assess if the change in coronal sulcus cytokine levels over time were affected
by exposure (baseline levels).

Supporting information

S1 Fig. Baseline penile cytokine levels. Cytokine concentrations (pg/swab) at baseline from
swabs of the coronal sulcus and penile shaft (N = 37). Red dotted line represents LLOD for
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immune parameter. Statistical comparisons were performed using two-tailed Mann-Witney U
test.
(DOCX)

$2 Fig. Unsupervised hierarchical clustering of penile cytokine changes after sex. Unsuper-
vised hierarchical clustering was used to visualize the fold change in penile cytokine concentra-
tions 1 hour, 7 hours and 72 hours after sex, based on (A) condom use and (B) penile
circumcision status. Scale denotes log2 transformed fold changes ranging from -12.15 to 15.54,
and 1 represents no change. The numbers of participants with paired samples are: at 1hr

n = 38; at 7hrs n = 38 and at 72hrs n = 34.

(DOCX)

S$3 Fig. Impact of penile-vaginal sex on penile shaft immunology. Time course of changes of
(A) IL-1o (pg/swab) (B) IL-8 (pg/swab) (C) IP-10 (pg/swab) (D) MIG (pg/swab) (E) MIP-1j3
(pg/swab) (F) E-cadherin (pg/swab), and (G) MMP9 (pg/swab) after condomless sex (N = 30)
and condom-protected sex (N = 8). The red dotted line represents immune parameter LLOD,
and red numbers the median cytokine concentration at each visit. Statistical comparisons were
performed using two-tailed Wilcoxon Signed Ranked test.

(DOCX)

$4 Fig. Circumcision status and baseline penile immune parameters. Coronal sulcus cyto-
kine levels (pg/swab) in uncircumcised (N = 16) and circumcised (N = 14) men. The red dot-
ted line represents immune parameter LLOD. Statistical comparisons were performed using

two-tailed Mann-Witney U test.

(DOCX)

S5 Fig. Gating strategy and representative plots for CD4+p7 M&" T cells in blood. Cells were
gated on lymphocytes, singlets, live, CD3+ cells, CD4+ cells, CD4+T cells expressing 7 "M€",
(DOCX)

S1 File. Instruction on self-collected penile swabs.
(DOCX)

S2 File. The excel file contains data that was used for data analysis and preparing figures.
(XLSX)

S1 Table. Comparison of baseline characteristics between condomless and condom-pro-
tected group.
(DOCX)

S2 Table. Proportion of cytokines detectable in penile swabs at baseline.
(DOCX)

Acknowledgments

We acknowledge the time and cooperation of all study participants. We also thank the invalu-
able support we received from all staff at Women’s Health in Women’s Hands Community
Health Centre who helped us with this project.

Author Contributions

Conceptualization: Avid Mohammadi, Jessica L. Prodger, Sara V. Good, Wangari Tharao,
Rupert Kaul.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009948 January 4, 2022 16/19


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009948.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009948.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009948.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009948.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009948.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009948.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009948.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009948.s009
https://doi.org/10.1371/journal.ppat.1009948

PLOS PATHOGENS

Impact of sex on penile immunology

Data curation: Avid Mohammadi.
Formal analysis: Avid Mohammadi, Sara V. Good.
Funding acquisition: Rupert Kaul.

Investigation: Avid Mohammadi, Sareh Bagherichimeh, Yoojin Choi, Sanja Huibner, Zhong-
tian Shao, David Zuanazzi, Jessica L. Prodger.

Methodology: Avid Mohammadi.

Project administration: Avid Mohammadi, Sareh Bagherichimeh, Azadeh Fazel, Elizabeth
Tevlin.

Resources: Rupert Kaul.

Software: Avid Mohammadi.

Supervision: Wangari Tharao, Rupert Kaul.

Validation: Avid Mohammadi.

Visualization: Avid Mohammadi.

Writing - original draft: Avid Mohammadi, Rupert Kaul.

Writing - review & editing: Avid Mohammadi, Sareh Bagherichimeh, Yoojin Choi, Azadeh
Fazel, Elizabeth Tevlin, Sanja Huibner, Zhongtian Shao, David Zuanazzi, Jessica L. Prodger,
Sara V. Good, Wangari Tharao, Rupert Kaul.

References
1.  WHO. Global Health Observatory (GHO) data, HIV/AIDS,. 2020.

2. Hladik F, McElrath MJ. Setting the stage: host invasion by HIV. Nat Rev Immunol. 2008; 8(6):447-57.
Epub 2008/05/13. https://doi.org/10.1038/nri2302 PMID: 18469831; PubMed Central PMCID:
PMC2587276.

3. Patel P, Borkowf CB, Brooks JT, Lasry A, Lansky A, Mermin J. Estimating per-act HIV transmission
risk: a systematic review. AIDS. 2014; 28(10):1509—-19. Epub 2014/05/09. https://doi.org/10.1097/QAD.
0000000000000298 PMID: 24809629; PubMed Central PMCID: PMC6195215.

4. Baeten JM, Kahle E, Lingappa JR, Coombs RW, Delany-Moretlwe S, Nakku-Joloba E, et al. Genital
HIV-1 RNA predicts risk of heterosexual HIV-1 transmission. Sci Trans| Med. 2011; 3(77):77ra29. Epub
2011/04/08. https://doi.org/10.1126/scitranslmed.3001888 PMID: 21471433; PubMed Central PMCID:
PMC3087186.

5. AtashiliJ, Poole C, Ndumbe PM, Adimora AA, Smith JS. Bacterial vaginosis and HIV acquisition: a
meta-analysis of published studies. AIDS. 2008; 22(12):1493-501. Epub 2008/07/11. https://doi.org/
10.1097/QAD.0b013e3283021a37 PMID: 18614873; PubMed Central PMCID: PMC2788489.

6. Low N, Chersich MF, Schmidlin K, Egger M, Francis SC, van de Wijgert JH, et al. Intravaginal practices,
bacterial vaginosis, and HIV infection in women: individual participant data meta-analysis. PLoS Med.
2011; 8(2):e1000416. Epub 2011/03/02. https://doi.org/10.1371/journal.pmed.1000416 PMID:
21358808; PubMed Central PMCID: PMC3039685.

7. Prodger JL, Kaul R. The biology of how circumcision reduces HIV susceptibility: broader implications for
the prevention field. AIDS Res Ther. 2017; 14(1):49. Epub 2017/09/13. https://doi.org/10.1186/s12981-
017-0167-6 PMID: 28893286; PubMed Central PMCID: PMC5594533.

8. LiuCM, Prodger JL, Tobian AAR, Abraham AG, Kigozi G, Hungate BA, et al. Penile Anaerobic Dysbio-
sis as a Risk Factor for HIV Infection. mBio. 2017; 8(4). Epub 2017/07/27. https://doi.org/10.1128/mBio.
00996-17 PMID: 28743816; PubMed Central PMCID: PMC5527312.

9. KaulR, Cohen CR, Chege D, Yi TJ, Tharao W, McKinnon LR, et al. Biological factors that may contrib-
ute to regional and racial disparities in HIV prevalence. Am J Reprod Immunol. 2011; 65(3):317-24.
Epub 2011/01/13. https://doi.org/10.1111/.1600-0897.2010.00962.x PMID: 21223426.

10. Wasserheit JN. Epidemiological synergy. Interrelationships between human immunodeficiency virus
infection and other sexually transmitted diseases. Sex Transm Dis. 1992; 19(2):61-77. Epub 1992/03/
01. PMID: 1595015.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009948 January 4, 2022 17/19


https://doi.org/10.1038/nri2302
http://www.ncbi.nlm.nih.gov/pubmed/18469831
https://doi.org/10.1097/QAD.0000000000000298
https://doi.org/10.1097/QAD.0000000000000298
http://www.ncbi.nlm.nih.gov/pubmed/24809629
https://doi.org/10.1126/scitranslmed.3001888
http://www.ncbi.nlm.nih.gov/pubmed/21471433
https://doi.org/10.1097/QAD.0b013e3283021a37
https://doi.org/10.1097/QAD.0b013e3283021a37
http://www.ncbi.nlm.nih.gov/pubmed/18614873
https://doi.org/10.1371/journal.pmed.1000416
http://www.ncbi.nlm.nih.gov/pubmed/21358808
https://doi.org/10.1186/s12981-017-0167-6
https://doi.org/10.1186/s12981-017-0167-6
http://www.ncbi.nlm.nih.gov/pubmed/28893286
https://doi.org/10.1128/mBio.00996-17
https://doi.org/10.1128/mBio.00996-17
http://www.ncbi.nlm.nih.gov/pubmed/28743816
https://doi.org/10.1111/j.1600-0897.2010.00962.x
http://www.ncbi.nlm.nih.gov/pubmed/21223426
http://www.ncbi.nlm.nih.gov/pubmed/1595015
https://doi.org/10.1371/journal.ppat.1009948

PLOS PATHOGENS

Impact of sex on penile immunology

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Kaul R, Prodger J, Joag V, Shannon B, Yegorov S, Galiwango R, et al. Inflammation and HIV Transmis-
sion in Sub-Saharan Africa. Curr HIV/AIDS Rep. 2015; 12(2):216—-22. Epub 2015/04/17. https://doi.org/
10.1007/s11904-015-0269-5 PMID: 25877253.

Prodger JL, Gray RH, Shannon B, Shahabi K, Kong X, Grabowski K, et al. Chemokine Levels in the
Penile Coronal Sulcus Correlate with HIV-1 Acquisition and Are Reduced by Male Circumcision in
Rakai, Uganda. PLoS Pathog. 2016; 12(11):e1006025. Epub 2016/11/30. https://doi.org/10.1371/
journal.ppat.1006025 PMID: 27898732; PubMed Central PMCID: PMC5127584.

Macura SL, Lathrop MJ, Gui J, Doncel GF, Asin SN, Rollenhagen C. Blocking CXCL9 Decreases HIV-1
Replication and Enhances the Activity of Prophylactic Antiretrovirals in Human Cervical Tissues. J
Acquir Immune Defic Syndr. 2016; 71(5):474—-82. Epub 2015/11/07. https://doi.org/10.1097/QAI.
0000000000000891 PMID: 26545124; PubMed Central PMCID: PMC4788559.

Baggiolini M, Walz A, Kunkel SL. Neutrophil-activating peptide-1/interleukin 8, a novel cytokine that acti-
vates neutrophils. J Clin Invest. 1989; 84(4):1045-9. Epub 1989/10/01. https://doi.org/10.1172/
JCI114265 PMID: 2677047; PubMed Central PMCID: PMC329758.

Leonard EJ, Yoshimura T, Tanaka S, Raffeld M. Neutrophil recruitment by intradermally injected neutro-
phil attractant/activation protein-1. J Invest Dermatol. 1991; 96(5):690—4. Epub 1991/05/01. https://doi.
org/10.1111/1523-1747.ep12470612 PMID: 2022877 .

Tanida S, Yoshitomi H, Nishitani K, Ishikawa M, Kitaori T, Ito H, et al. CCL20 produced in the cytokine
network of rheumatoid arthritis recruits CCR6+ mononuclear cells and enhances the production of IL-6.
Cytokine. 2009; 47(2):112-8. Epub 2009/06/19. https://doi.org/10.1016/j.cyt0.2009.05.009 PMID:
19535263.

Pelletier M, Maggi L, Micheletti A, Lazzeri E, Tamassia N, Costantini C, et al. Evidence for a cross-talk
between human neutrophils and Th17 cells. Blood. 2010; 115(2):335-43. Epub 2009/11/06. https://doi.
org/10.1182/blood-2009-04-216085 PMID: 19890092.

Masson L, Passmore JA, Liebenberg LJ, Werner L, Baxter C, Arnold KB, et al. Genital inflammation
and the risk of HIV acquisition in women. Clin Infect Dis. 2015; 61(2):260-9. https://doi.org/10.1093/cid/
civ298 PMID: 25900168; PubMed Central PMCID: PMC4565995.

Arnold KB, Burgener A, Birse K, Romas L, Dunphy LJ, Shahabi K, et al. Increased levels of inflamma-
tory cytokines in the female reproductive tract are associated with altered expression of proteases,
mucosal barrier proteins, and an influx of HIV-susceptible target cells. Mucosal Immunol. 2016; 9
(1):194—-205. https://doi.org/10.1038/mi.2015.51 PMID: 26104913.

Fahrbach KM, Barry SM, Anderson MR, Hope TJ. Enhanced cellular responses and environmental
sampling within inner foreskin explants: implications for the foreskin’s role in HIV transmission. Mucosal
Immunol. 2010; 3(4):410-8. Epub 2010/04/23. https://doi.org/10.1038/mi.2010.18 PMID: 20410876;
PubMed Central PMCID: PMC3521164.

Carias AM, McCoombe S, McRaven M, Anderson M, Galloway N, Vandergrift N, et al. Defining the
interaction of HIV-1 with the mucosal barriers of the female reproductive tract. J Virol. 2013; 87
(21):11388-400. Epub 2013/08/24. https://doi.org/10.1128/JVI.01377-13 PMID: 23966398; PubMed
Central PMCID: PMC3807311.

Miller CJ, Li Q, Abel K, Kim EY, Ma ZM, Wietgrefe S, et al. Propagation and dissemination of infection
after vaginal transmission of simian immunodeficiency virus. J Virol. 2005; 79(14):9217-27. Epub 2005/
07/05. https://doi.org/10.1128/JV1.79.14.9217-9227.2005 PMID: 15994816; PubMed Central PMCID:
PMC1168785.

Hu J, Gardner MB, Miller CJ. Simian immunodeficiency virus rapidly penetrates the cervicovaginal
mucosa after intravaginal inoculation and infects intraepithelial dendritic cells. J Virol. 2000; 74
(13):6087-95. Epub 2000/06/14. https://doi.org/10.1128/jvi.74.13.6087-6095.2000 PMID: 10846092;
PubMed Central PMCID: PMC112107.

Politch JA, Tucker L, Bowman FP, Anderson DJ. Concentrations and significance of cytokines and
other immunologic factors in semen of healthy fertile men. Hum Reprod. 2007; 22(11):2928-35. Epub
2007/09/15. https://doi.org/10.1093/humrep/dem281 PMID: 17855405.

Doncel GF, Anderson S, Zalenskaya |. Role of semen in modulating the female genital tract microenvi-
ronment—implications for HIV transmission. Am J Reprod Immunol. 2014; 71(6):564—74. Epub 2014/
04/08. https://doi.org/10.1111/aji.12231 PMID: 24702729.

Altmae S, Franasiak JM, Mandar R. The seminal microbiome in health and disease. Nat Rev Urol.
2019; 16(12):703-21. Epub 2019/11/17. https://doi.org/10.1038/s41585-019-0250-y PMID: 317327283.

Abdool Karim SS, Baxter C, Passmore JS, McKinnon LR, Williams BL. The genital tract and rectal
microbiomes: their role in HIV susceptibility and prevention in women. J Int AIDS Soc. 2019; 22(5):
€25300. Epub 2019/05/31. https://doi.org/10.1002/jia2.25300 PMID: 31144462; PubMed Central
PMCID: PMC6541743.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009948 January 4, 2022 18/19


https://doi.org/10.1007/s11904-015-0269-5
https://doi.org/10.1007/s11904-015-0269-5
http://www.ncbi.nlm.nih.gov/pubmed/25877253
https://doi.org/10.1371/journal.ppat.1006025
https://doi.org/10.1371/journal.ppat.1006025
http://www.ncbi.nlm.nih.gov/pubmed/27898732
https://doi.org/10.1097/QAI.0000000000000891
https://doi.org/10.1097/QAI.0000000000000891
http://www.ncbi.nlm.nih.gov/pubmed/26545124
https://doi.org/10.1172/JCI114265
https://doi.org/10.1172/JCI114265
http://www.ncbi.nlm.nih.gov/pubmed/2677047
https://doi.org/10.1111/1523-1747.ep12470612
https://doi.org/10.1111/1523-1747.ep12470612
http://www.ncbi.nlm.nih.gov/pubmed/2022877
https://doi.org/10.1016/j.cyto.2009.05.009
http://www.ncbi.nlm.nih.gov/pubmed/19535263
https://doi.org/10.1182/blood-2009-04-216085
https://doi.org/10.1182/blood-2009-04-216085
http://www.ncbi.nlm.nih.gov/pubmed/19890092
https://doi.org/10.1093/cid/civ298
https://doi.org/10.1093/cid/civ298
http://www.ncbi.nlm.nih.gov/pubmed/25900168
https://doi.org/10.1038/mi.2015.51
http://www.ncbi.nlm.nih.gov/pubmed/26104913
https://doi.org/10.1038/mi.2010.18
http://www.ncbi.nlm.nih.gov/pubmed/20410876
https://doi.org/10.1128/JVI.01377-13
http://www.ncbi.nlm.nih.gov/pubmed/23966398
https://doi.org/10.1128/JVI.79.14.9217-9227.2005
http://www.ncbi.nlm.nih.gov/pubmed/15994816
https://doi.org/10.1128/jvi.74.13.6087-6095.2000
http://www.ncbi.nlm.nih.gov/pubmed/10846092
https://doi.org/10.1093/humrep/dem281
http://www.ncbi.nlm.nih.gov/pubmed/17855405
https://doi.org/10.1111/aji.12231
http://www.ncbi.nlm.nih.gov/pubmed/24702729
https://doi.org/10.1038/s41585-019-0250-y
http://www.ncbi.nlm.nih.gov/pubmed/31732723
https://doi.org/10.1002/jia2.25300
http://www.ncbi.nlm.nih.gov/pubmed/31144462
https://doi.org/10.1371/journal.ppat.1009948

PLOS PATHOGENS

Impact of sex on penile immunology

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Tobian AA, Kacker S, Quinn TC. Male circumcision: a globally relevant but under-utilized method for
the prevention of HIV and other sexually transmitted infections. Annu Rev Med. 2014; 65:293-306.
Epub 2013/10/12. https://doi.org/10.1146/annurev-med-092412-090539 PMID: 24111891; PubMed
Central PMCID: PMC4539243.

Berlin C, Berg EL, Briskin MJ, Andrew DP, Kilshaw PJ, Holzmann B, et al. Alpha 4 beta 7 integrin medi-
ates lymphocyte binding to the mucosal vascular addressin MAdCAM-1. Cell. 1993; 74(1):185-95.
Epub 1993/07/16. https://doi.org/10.1016/0092-8674(93)90305-a PMID: 7687523

Sivro A, Schuetz A, Sheward D, Joag V, Yegorov S, Liebenberg LJ, et al. Integrin alphadbeta7 expres-
sion on peripheral blood CD4(+) T cells predicts HIV acquisition and disease progression outcomes. Sci
Transl Med. 2018; 10(425). https://doi.org/10.1126/scitranslmed.aam6354 PMID: 29367348.

Lama JR, Karuna ST, Grant SP, Swann EM, Ganoza C, Segura P, et al. Transient Peripheral Immune
Activation follows Elective Sigmoidoscopy or Circumcision in a Cohort Study of MSM at Risk of HIV
Infection. PLoS One. 2016; 11(8):e0160487. Epub 2016/08/19. https://doi.org/10.1371/journal.pone.
0160487 PMID: 27536938; PubMed Central PMCID: PMC4990246.

Pandrea |, Parrish NF, Raehtz K, Gaufin T, Barbian HJ, Ma D, et al. Mucosal simian immunodeficiency
virus transmission in African green monkeys: susceptibility to infection is proportional to target cell avail-
ability at mucosal sites. J Virol. 2012; 86(8):4158-68. Epub 2012/02/10. https://doi.org/10.1128/JVI.
07141-11 PMID: 22318138; PubMed Central PMCID: PMC3318646.

McKinnon LR, Kaul R. Quality and quantity: mucosal CD4+ T cells and HIV susceptibility. Curr Opin
HIV AIDS. 2012; 7(2):195-202. Epub 2012/02/09. https://doi.org/10.1097/COH.0b013e3283504941
PMID: 22314505.

Nazli A, Chan O, Dobson-Belaire WN, Ouellet M, Tremblay MJ, Gray-Owen SD, et al. Exposure to HIV-
1 directly impairs mucosal epithelial barrier integrity allowing microbial translocation. PLoS Pathog.
2010; 6(4):e1000852. Epub 2010/04/14. https://doi.org/10.1371/journal.ppat. 1000852 PMID:
20386714; PubMed Central PMCID: PMC2851733.

Anahtar MN, Byrne EH, Doherty KE, Bowman BA, Yamamoto HS, Soumillon M, et al. Cervicovaginal
bacteria are a major modulator of host inflammatory responses in the female genital tract. Immunity.
2015; 42(5):965-76. Epub 2015/05/21. https://doi.org/10.1016/j.immuni.2015.04.019 PMID: 25992865;
PubMed Central PMCID: PMC4461369.

Shannon B, Gajer P, Yi TJ, Ma B, Humphrys MS, Thomas-Pavanel J, et al. Distinct effects of the cervi-
covaginal microbiota and Herpes simplex type 2 infection on female genital tract immunology. J Infect
Dis. 2017; 215(9):1366—75. https://doi.org/10.1093/infdis/jix088 PMID: 28201724; PubMed Central
PMCID: PMC5451606.

Cohen CR, Lingappa JR, Baeten JM, Ngayo MO, Spiegel CA, Hong T, et al. Bacterial vaginosis associ-
ated with increased risk of female-to-male HIV-1 transmission: a prospective cohort analysis among
African couples. PLoS Med. 2012; 9(6):e1001251. Epub 2012/06/30. https://doi.org/10.1371/journal.
pmed.1001251 PMID: 22745608; PubMed Central PMCID: PMC3383741.

Mitchell CM, Balkus J, Agnew KJ, Cohn S, Luque A, Lawler R, et al. Bacterial vaginosis, not HIV, is pri-
marily responsible for increased vaginal concentrations of proinflammatory cytokines. AIDS Res Hum
Retroviruses. 2008; 24(5):667—71. Epub 2008/05/09. https://doi.org/10.1089/aid.2007.0268 10.1089/
aid.2007.0268. PMID: 18462081.

Osborne BJ, Sheth PM, Kovacs C, Mazzulli T, Kaul R. Impact of collection method on assessment of
semen HIV RNA viral load. PLoS One. 2011; 6(8):e23654. Epub 2011/09/083. https://doi.org/10.1371/
journal.pone.0023654 PMID: 21886808; PubMed Central PMCID: PMC3158791.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009948 January 4, 2022 19/19


https://doi.org/10.1146/annurev-med-092412-090539
http://www.ncbi.nlm.nih.gov/pubmed/24111891
https://doi.org/10.1016/0092-8674%2893%2990305-a
http://www.ncbi.nlm.nih.gov/pubmed/7687523
https://doi.org/10.1126/scitranslmed.aam6354
http://www.ncbi.nlm.nih.gov/pubmed/29367348
https://doi.org/10.1371/journal.pone.0160487
https://doi.org/10.1371/journal.pone.0160487
http://www.ncbi.nlm.nih.gov/pubmed/27536938
https://doi.org/10.1128/JVI.07141-11
https://doi.org/10.1128/JVI.07141-11
http://www.ncbi.nlm.nih.gov/pubmed/22318138
https://doi.org/10.1097/COH.0b013e3283504941
http://www.ncbi.nlm.nih.gov/pubmed/22314505
https://doi.org/10.1371/journal.ppat.1000852
http://www.ncbi.nlm.nih.gov/pubmed/20386714
https://doi.org/10.1016/j.immuni.2015.04.019
http://www.ncbi.nlm.nih.gov/pubmed/25992865
https://doi.org/10.1093/infdis/jix088
http://www.ncbi.nlm.nih.gov/pubmed/28201724
https://doi.org/10.1371/journal.pmed.1001251
https://doi.org/10.1371/journal.pmed.1001251
http://www.ncbi.nlm.nih.gov/pubmed/22745608
https://doi.org/10.1089/aid.2007.0268
http://www.ncbi.nlm.nih.gov/pubmed/18462081
https://doi.org/10.1371/journal.pone.0023654
https://doi.org/10.1371/journal.pone.0023654
http://www.ncbi.nlm.nih.gov/pubmed/21886808
https://doi.org/10.1371/journal.ppat.1009948

