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Abstract

Background In women, most HIV infections are acquired through penile-vaginal sex.

Inflammation in the female genital tract (FGT) increases the risk of HIV acquisition and

transmission, likely through recruitment of HIV target cells and disruption of epithelial barrier

integrity. Although sex may have important immune and epithelial effects, the impact of

receptive penile-vaginal sex on the immune correlates of HIV susceptibility in the female

genital tract is not well described.

Methods STI-free heterosexual couples were recruited to the Sex, Couples and Science

(SECS) Study, with the serial collection of cervical secretions (CVS), endocervical cyto-

brushes, blood and semen before and up to 72 h after either condomless (n= 29) or

condom-protected (n= 8) penile-vaginal sex. Immune cells were characterized by flow

cytometry, and immune factors including cytokines and soluble E-cadherin (sE-cad; a marker

of epithelial disruption) were quantified by multiplex immunoassay. Co-primary endpoints

were defined as levels of IP-10 and IL-1α, cytokines previously associated with increased HIV

susceptibility.

Results Here we show that cervicovaginal levels of vaginal IP-10, sE-cad and several other

cytokines increase rapidly after sex, regardless of condom use. The proportion of endo-

cervical HIV target cells, including Th17 cells, activated T cells, and activated or mature

dendritic cells (DCs) also increase, particularly after condomless sex. Although most of these

immune changes resolve within 72 h, increases in activated cervical CD4+ T cells and Tcm

persist beyond this time.

Conclusions Penile-vaginal sex induces multiple genital immune changes that may enhance

HIV susceptibility during the 72 h post-sex window that is critical for virus acquisition. This

has important implications for the mucosal immunopathogenesis of HIV transmission.
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Lay Summary
Women who acquire HIV most

commonly do so during penile-

vaginal sex. Although the risk of

HIV acquisition is higher when there

is pre-existing inflammation in the

female genital tract, the impact of

receptive penile-vaginal sex itself on

immune markers of HIV susceptibility

in the genital tract has not been

widely studied. We recruited hetero-

sexual couples, without HIV or

sexually-transmitted infections, and

studied the impact of a single episode

of penile-vaginal sex on immune cells

and proteins in the female genital

tract. We found that some markers

within the cervix and vagina

increased immediately after sex, then

returned to normal. We noticed dif-

ferences in these changes depending

on whether the sex was condom-

protected and whether the male

partner was circumcised. Our find-

ings might help us to understand how

sex impacts the immune system and

how this might contribute to HIV

acquisition.
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Sexual transmission accounts for the majority of incident
global HIV infections, and women are more susceptible to
heterosexual HIV acquisition than men1. This increased

risk in women relates in part to socio-economic factors and
potential exposure of the more susceptible anorectal mucosa
during receptive anal sex1, but vaginal acquisition risk is higher
than penile and can be enhanced by factors that induce inflam-
mation in the female genital tract such as sexually transmitted
infections (STIs), bacterial vaginosis (BV) and vaginal
washing2–5.

A mucosal inflammatory response provides an important host
immune defense against many infectious pathogens. However,
inflammation in the genital tract increases the risk of HIV
acquisition, both by impairing the integrity of the epithelial
barrier and by recruiting HIV-susceptible target cells6–9. Pre-
ferential cell targets for HIV during mucosal virus acquisition
include activated CD4+ T cells that express the HIV co-receptor
CCR5, particularly Th17 (CCR6+ ) cells, as well as dendritic cells
(DCs) and Langerhans cells that play a critical role in virus dis-
semination in the genital tissue as well as to secondary lymphoid
organs10–21. Inflammation attracts HIV target cells by inducing
chemokines that guide immune cells to the site of inflammation,
such as the recruitment of neutrophils by CXCL8 (IL-8), of
activated CD4+ T cells by CCL3, CCL4 and CXCL10 (MIP-1α,
MIP-1β and IP-10), and of Th17 cells by CCL-20 (MIP-3α)22–28.
In addition, the inflammatory cytokines TNF and IL-1α can
directly disrupt cell-cell junctions and reduce epithelial barrier
integrity29,30. In keeping with this, a higher genital level of these
chemokines/cytokines has been associated with increased HIV
acquisition risk in both women and men6,31, and proteome
analysis of vaginal secretions has demonstrated associations
between inflammatory cytokines that reduce barrier integrity,
neutrophil proteases such as MMP9, and the mucosal density of
HIV target cells8,9.

Although these mucosal immune factors correlate with HIV
susceptibility in human cohorts, participant sampling in such
studies is generally performed after a period of sexual abstinence,
while virus penetration of the genital mucosa occurs within hours
of sexual contact32–34. Therefore, it is critical to understand how
penile-vaginal sex affects the mucosal immunology and epithelial
barrier integrity of the female genital tract (FGT). Mechanical
aspects of penile-vaginal sex may impose physical stress on the
epithelium, and condomless sex results in vaginal exposure to
semen, which is rich in both pro-inflammatory and regulatory
cytokines35,36. In vitro and small animal studies demonstrate that
vaginal epithelial cells respond to seminal plasma by up-
regulating pro-inflammatory cytokines/chemokines and recruit-
ing leukocytes to the FGT within a few hours37–39. However,
there are fewer data from human studies regarding the mucosal
impact of penile-vaginal sex, and published studies provide
conflicting results. While one study reported recruitment of

immune cells (APCs, T cells) and elevated expression of pro-
inflammatory cytokines/chemokines (IL-1α, IL-6, IL-8 and GM,
CSF) within 12 h of condomless penile-vaginal sex40, other work
demonstrated a decrease in mucosal innate immune responses
2–6 h after sex, with reduction in IL-8, antimicrobial peptides,
and anti E. coli activity of cervical secretions41.

The goal of the Sex, Couples and Science (SECS) study was to
define the immediate and short-term impacts of condomless and
condom-protected penile-vaginal sex on the genital immune
correlates of HIV susceptibility. Specifically, we hypothesised that
condomless penile-vaginal sex would induce transient inflam-
mation in the FGT that would resolve within 48–72 h after sex,
the typical period of abstinence that is requested in many clinical
studies of genital immunology and HIV susceptibility. Our results
demonstrate that receptive penile-vaginal sex induces rapid
alterations in cervico-vaginal proinflammatory cytokines, endo-
cervical cell populations and epithelial integrity as early as 1 h
after sex. Although most changes resolve within 72 h, they may
have important effects on host HIV susceptibility within this
critical window of virus acquisition.

Methods
Study design. Couples were recruited into this prospective
observational cohort study through the Women’s Health in
Women’s Hands Community Health Center (WHIWHs) in
Toronto as described previously42. The study protocol was
approved by the HIV Research Ethics Board at the University of
Toronto. Flyers were posted within the WHIWHs centre and
across the University of Toronto St. George campus to recruit
participants. Prior to recruitment, the research nurses at
WHIWH provided a detailed overview of the study details and
requirements to potential participants. At the pre-screening visit,
written informed consent was obtained from all participants, and
they were tested for sexually transmitted infections and preg-
nancy. Exclusion criteria were infection with HIV1/2, syphilis,
Neisseria gonorrhoeae (GC) and/or Chlamydia trachomatis (CT);
Ag <16 years; pregnancy; any genital ulcers or discharge; irregular
bleeding; taking immunosuppressive medications and having
taken antibiotics within one month prior to study enrollment.

Study approval. The protocol was approved by the HIV Research
Ethics Board at the University of Toronto (ethical approval
number: 33381). 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.

Sampling protocol. The study protocol consisted of four visits:
screening, baseline (48 h before sex) and follow up visits, i.e.,
1–2 h, 72 h post-sex (Fig. 1). At the screening visit, blood and
urine were collected for STI diagnostics. Eligible participants were

Fig. 1 Overview of the study protocol. Diagrammatic illustration of the study protocol and samples collected at each visit.
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asked to abstain from sex 48 h before the baseline visit. At the
baseline visit, participants completed a demographic/behavioural
questionnaire and samples were collected. Couples were asked to
abstain from sex for 48 h after the baseline visit before having one
episode of penile-vaginal sex for the SECS study. Couples had
either condomless sex or sex with a condom, and repeat sampling
was performed after 1–2 h, and 72 h post-sex. Condom use during
penile-vaginal sex was based on the preference of the couple.
Women were advised to not wash their genital area after sex.
Samples were collected in the following order: Softcup self-col-
lection, study nurse vaginal swab collection, study nurse endo-
cervical cytobrush collection, and blood collection. Cervico-
vaginal secretions were self-collected using an Instead Softcup
(Evofem, San Diego, CA) inserted for 1 min and were used for
cytokine and Prostate Specific Antigen (PSA) analysis. Two
vaginal swabs, two endocervical cytobrushes and blood were
collected by the study nurse. Each cytobrush was gently inserted
into the cervical os, rotated through 360 °, placed into R10
medium (RPMI 1640 with 10% heat-inactivated FBS [Sigma-
Aldrich, Carlsbad, CA], 100 mg/ml streptomycin, 100 U/ml
penicillin, and 13 GlutaMAX-1 [Life Technologies, Grand Island,
NY] media) at 4 °C and transported to the laboratory within
30 min of collection. The two cytobrushes were processed toge-
ther, and the combined cells filtered through a 100-μm filter,
washed, and divided into two equal aliquots for staining.

Peripheral blood mononuclear cells (PBMCs) were isolated by
Ficoll-Hypaque density centrifugation at 1500 rpm for 30 min,
counted, and washed in R10 medium. One aliquot of one million
PBMCs was used for staining of T cell subsets.

Men provided semen samples at baseline approximately 1 h
before attending clinic. Semen was collected by masturbation into
a sterile container with 10 ml RMPI.

STI and BV diagnosis. As previously described42, a vaginal swab
was smeared onto a glass slide, air-dried and Gram’s stained to
diagnose bacterial vaginosis (BV) using Nugent criteria and to
screen for vaginal yeast. Testing for GC and CT were done on
first-void urine at Mount Sinai hospital by nucleic acid amplifi-
cation test (NAAT; ProbeTech Assay, BD, Sparks, MD). Testing
for HIV1/2 and syphilis were performed by chemiluminescent
microparticle immunoassay (CMIA) (ARCHITECT System,
Abbott GmbH & Co. KG).

Immune cell phenotyping. Endocervical cells, PBMCs and whole
blood were surface stained with two panels of Abs to characterize
various T cell subsets and neutrophils/APC populations. The T
cell panel consisted of CD45RA-FITC (BioLegend, 1 μl/test),
CD8- Percp cy5.5 (eBioscience, 1 μl/test), β7-APC (BD Bios-
ciences, 2.5 μl/test), CD127-APCef780 (eBioscience, 2.5 μl/test),
CD25-BV421(BD Biosciences, 1 µl/test ), CD4-BV650 (BD
Biosciences, 1 μl/test), CCR6-BV711 (BD Biosciences, 2.5 μl/test),
CD3-BV785 (BD Biosciences, 1 μl/test), α4-PE (BD Biosciences,
2.5 μl/test), CCR5-PE-CF549 (BD Biosciences, 2.5 μl/test), CCR7-
Pe-cy7 (BD Biosciences, 2.5 μl/test), HLA-DR-BUV395 (BD
Biosciences, 2.5 μl/test), CD69-BUV737 (BD Biosciences,
5 μl/test) and Live/Dead Aqua (Invitrogen, 1 μl/test). The neu-
trophils/APCs panel consisted of CD14-FITC (BioLegend,
2.5 μl/test), CD66b-percp-cy5.5 (BioLegend, 2.5 μl/test), BDCA-2-
APC (BioLegend, 5 μl/test), CD45-APC-fire (BioLegend, 1 μl/test),
CD16-BV421 (BD Biosciences, 1 μl/test), CD83-BV650 (BD Bios-
ciences, 2.5 μl/test), CD11c-BV785 (BD Biosciences, 1 μl/test),
CD15-Pe (BD Biosciences, 5 μl/test), CD123- PECF549 (BD Bios-
ciences, 5 μl/test), CD86-Pe-cy7 (BD Biosciences, 1 μl/test), HLA-
DR- BUV395 (BD Biosciences, 2.5 μl/test), CD3/CD19- BUV-737
(BD Biosciences, 2.5 μl/test) and Live/ Dead Aqua (Invitrogen,

1 μl/test). Cells were enumerated using a BD LSR Fortessa X20 flow
cytometer (BD Systems) and analyzed with FlowJo 10.4.1 software
(TreeStar, Ashland, OR) by the same researcher for consistency. For
the T cell panel, Fluorescence Minus One (FMO) control, and for
the APC panel isotype controls were used for gating.

For each cytobrush sample, all isolated endocervical cells were
run through the cytometer, allowing for the endocervical immune
cell populations to be quantified as both a proportion (%) of and
a total number of cells/cytobrush. In the T cell panel, samples
with a CD4+ cell count lower than 10 were excluded from the
proportion analysis. In the APC panel, the same exclusion
strategy was applied to samples in regard to CD14+ or CD14-
cell count.

Cytokine analysis. Cervico-vaginal secretions (CVS) collected by
Softcup as described above were diluted 10-fold using sterile PBS
and spun at 1730 g, 4 °C for 10 min. Subsequently, the super-
natant was frozen at −80 °C for cytokine analysis. The volume of
each semen sample plus collection media (RPMI) was recorded to
calculate the dilution factor. Semen samples were spun down at
1000 g for 10 min at 4 °C and the supernatant was frozen at
−80 °C. The levels of cytokines IL-1α, IP-10, IL-8, MIP-3α, MIP-
1β, IL-17a, IFN-α2a, IL-6, MIG, sE-cad and MMP9 were mea-
sured in duplicate by multiplex immune assay (Meso Scale Dis-
covery, Rockville, MD) as previously described42. The samples
were plated at 25 μl per well. A standard curve was used to
determine the lower and upper limit of detection and the con-
centration of each analyte (pg/ml).

Any sample above the upper limit level of detection was
diluted and the multiplex immunoassay repeated for that
sample. The highest lower limit of detection (LLOD)
value across runs was selected as the LLOD for each
analyte. The LLODs were as follow: IFNα2a= 0.28 pg/ml;
IL-17= 1.20 pg/ml; MIP-3α= 4.27 pg/ml; IL-6= 0.25 pg/ml;
IL-1α= 20.6 pg/ml; IL-8= 0.10 pg/ml; MIG= 0.086 pg/ml; IP-
10= 0.99 pg/ml; MIP-1β= 13.9 pg/m; sE-cad: 53.9 pg/ml;
MMP-9: 0.35 pg/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.

All samples were run by a researcher blinded to the status of
participants. Samples provided by each couple at all study visits
were assessed on the same plate to account for the between plate
variability.

Statistics and reproducibility. The co-primary endpoints for the
SECS study were the vaginal levels of the chemoattractant che-
mokine IP-10 and the pro-inflammatory cytokine IL-1α imme-
diately (1 h) after sex. While analysis of other immune factors was
felt to be important for this pilot study, these results were not
corrected for multiple comparisons and should be considered
exploratory. The sample size calculation was based on a small
pilot study that assayed inflammatory cytokines in genital
secretions. Based on the mean and SD of vaginal IL-1 levels, in
order to detect a 40% increase after penile vaginal sex with
alpha= 0.05 and power= 80% would require a sample size of
n= 20 couples; in order to permit subanalysis based on male
partner circumcision status, we doubled this to n= 40 couples.

For group comparisons, non-parametric statistical analyses
were performed to reduce the effect of outliers. Comparisons of
baseline immune factors (cells and cytokines) were performed
using a Mann-Witney U test. Changes in the proportion/number
of immune factors (cells and cytokines) between time points were
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analysed using a Wilcoxon Signed Ranked test. The change in the
levels of IP-10 and IL-1α relative to baseline was analysed using a
Wilcoxon Signed Ranked test, using a p-value threshold of <0.05
for significance.

To test whether differences in the within-person CVS
concentration of cytokines post condomless sex could be
explained by baseline concentrations of cytokines in semen,
we performed a repeated measures ANOVA of the change in the
CVS cytokines (IP-10 and MIG) at two time points post
condomless sex (1 and 72 h) and compared these results to the
same model but including the baseline concentration of the
cytokines in semen as covariates (ANCOVA). All models were
examined to test whether they met Mauchy’s test of sphericity. In
case the sphericity assumption was violated, the Huynh-Feldt
estimate was reported.

To investigate the impact of BV status on changes in cytokine
levels post-condomless sex, we performed a repeated measures
ANOVA of the change in levels of cytokines in CVS at three time
points (baseline, 1 h and 72 h) and included BV status as a
between subject factors. For this analysis, we focused on the
cytokines that had exhibited significantly different levels at
baseline between BV+ vs BV- women with the Mann-Witney
U test.

Data analysis were performed using IBM SPSS v.24 and graphs
were prepared by GraphPad Prism v.7.

Reporting Summary. Further information on research design is
available in the Nature Research Reporting Summary linked to
this article.

Results
Participant enrolment and characteristics. Consenting couples
were invited to participate in the SECS protocol through the

Women’s Health in Women’s Hands Community Health
Center (WHIWH) in Toronto, Canada. Eligible, STI-free cou-
ples (N= 39 couples) were requested to abstain from sex for
48 h prior to the baseline genital sampling visit, and then again
for 48 h prior to engaging in penile-vaginal sex and undergoing
longitudinal post-coital sampling at 1 h and 72 h (Fig. 1).
Condom use during penile-vaginal sex was based on the pre-
ference of the couple. Abstinence was verified by testing vaginal
secretions for the presence of Prostate Specific Antigen (PSA) at
all study visits. “Condomless sex” was defined based on couples’
self-report and the detection of PSA in vaginal secretions 1 h
post-sex. Three couples with a positive PSA result at the
baseline (pre-sex) visit were excluded from further analysis.
Therefore, the final sample set consisted of 36 couples; with 29
couples in the condomless and 8 couples in the condom-
protected penile-vaginal sex group (one couple participated
twice, once in each group). In addition, three couples had a
positive PSA result at the 72 h post-sex visit (indicating con-
domless sex during the interim) and a fourth couple missed this
visit; all four were excluded from the 72 h analysis. Full
demographic data are shown in Table 1. The median age of
female participants was 22 years (range, 18–33 years) and most
(61%) reported contraceptive use other than condoms. Of the
male partners, 17 were circumcised and 19 were uncircumcised.
The median relationship duration prior to study participation
was 18 months (range, 1–96 months).

The median self-reported duration of sexual abstinence prior to
the baseline sampling visit was 4 days (range, 2–23 days), and
from the baseline visit until having penile-vaginal sex for study
purposes was 44 h (range, 38.5–78 h). The median time from
completion of penile-vaginal sex to the first post-sex sampling
visit was 75 min (range 20–120 min; Fig. 1), and to the second
visit was 73 h (range, 48.5–103 h). A sampling visit was also
scheduled at 8 h post-sex, but a validation study demonstrated
that cytobrush sampling itself induced immune changes during
this period43, and so these samples were not included in the
immune analysis.

Comparison of baseline semen and cervico-vaginal cytokine
levels. Cytokine levels in semen would be expected to have an
important impact on cervico-vaginal cytokine levels after con-
domless penile-vaginal sex. Therefore, the baseline level of each
cytokine in our panel was compared between semen and cervico-
vaginal secretions (CVS) using Mann-Whitney test. Levels of IL-
1α, IL-17, IL-6, IL-8, MMP9 were enriched in CVS (all p < 0.002),
levels of MIP1β- and MIP-3α were similar in CVS and semen
(both p > 0.18), and levels of IP-10, MIG, sE-cad and IFNα2a
were significantly enriched in semen (all p < 0.001; see Fig. 2).

Impact of penile-vaginal sex on cervicovaginal cytokines.
Higher cervicovaginal levels of IP-10 and IL-1α in the FGT
predicted subsequent HIV acquisition in a cohort of South
African women6, and were therefore pre-defined as our co-
primary endpoints. To examine the impact of penile-vaginal
sex on cervicovaginal cytokine/chemokine levels, the change
from baseline (pre-sex) in undiluted CVS cytokine con-
centration was calculated for the 1 h and 72 h post-sex visits,
stratified by condom use. Vaginal levels of IP-10 increased
immediately after sex, regardless of condom use (median
differencecondomless =+2,213.24 pg/ml, p= 0.005; median
differencecondom =+1,473.69 pg/ml, p= 0.012, respectively;
Fig. 3a, b). Cervicovaginal levels of IL-1α also increased
rapidly in both groups, although the increase only reached
significance in the condom-protected group (median differ-
encecondomless =+12,581.96 pg/ml, p= 0.157; median

Table 1 Participant characteristics (n= 36).

Characteristic Total (n= 36)

Age 22 (18–33)
Ethnicity n. (%)
Asian (East or South Asian) 15 (41.7)
White 12 (33.3)
African-Caribbean and Black (ACB) 2 (5.6)
Middle Eastern 1 (2.8)
Latin American 1 (2.8)
Mixed 5 (13.9)

Circumcision status in the male partner (n)
Circumcised 17 (47.2)
Uncircumcised 19 (52.8)

Contraceptive method
Oral hormonal Contraceptive 10 (27.8)
Condom 9 (25)
Hormonal IUD 4 (11.1)
IUD (Copper) 3 (8.3)
Condom and hormonal contraceptive 3 (8.3)
NuvaRing 2 (5.6)
None 5 (13.9)

Time since last sex (days) 4 (2–23)
Episode of sex (last month) 6 (1–25)
Relationship length (months) 18 (1–96)
Type of previous sex %
Ever vaginal 100%
Ever Oral 97.2%
Ever anal 25%

Self-reported STI (ever) % 8.3%
Douching % 11.1%
Bacterial vaginosis % (defined by Nugent Score) 13.5%
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differencecondom=+12,991.02 pg/ml, p= 0.012, respectively;
Fig. 3c, d). Levels of both cytokines then fell to baseline by
72 h, regardless of condom use (both p > 0.15; Fig. 3a–d).

Secondary endpoints included the levels of several other
chemokines (IL-8, MIG, MIP-1β and MIP-3α) and pro-
inflammatory cytokines (IL-6, IL-17). Levels of MIG and MIP-
1β also increased significantly immediately after sex, regardless of
condom use, and returned to baseline by 72 h (Fig. 3e–h). No
significant changes were seen after sex in the levels of MIP-3α, IL-
6 or IL-17 (Fig. 3e–h). There was a transient increase in IFNα2a
after condomless sex (p= 0.004 at 1 h and p= 0.949 at 72 h,
respectively; Fig. 3e) and a delayed increase in IL-8 at 72 h after
condom-protected sex (p= 0.028, Fig. 3h).

As biomarkers of epithelial disruption after penile-vaginal sex
we quantified levels of sE-cad and the neutrophil protease MMP9,
with elevated levels indicating reduced barrier integrity. sE-cad
increased immediately after sex, regardless of condom use (both
p < 0.02; Fig. 3e, f), and similar trends were seen for MMP9
(p= 0.006 and p= 0.069, respectively; Fig. 3e, f). Both parameters
returned to baseline within 72 h of penile-vaginal sex (both
p > 0.17; Fig. 3g, h).

In summary, cervicovaginal proinflammatory cytokines/che-
mokines and biomarkers of epithelial disruption increased
immediately (1–2 h) after penile-vaginal sex, regardless of
condom use, and returned to baseline levels within 72 h.

Impact of semen parameters on cervico-vaginal cytokine
changes after condomless sex. Condom-protected sex led to a
rapid increase in several cytokines/chemokines, clearly indicating
that penile-vaginal sex itself induced immune changes in the female
genital tract, independent of semen exposure. However, since semen
was enriched for several cytokines relative to CVS (particularly MIG
and IP-10; see above and Fig. 2), we hypothesized that semen
exposure might have influenced the vaginal cytokine
changes observed after condomless sex. This was not deemed to be
plausible for sE-cadherin, since the post-sex increase seen in
the genital tract far exceeded sE-cad levels present in the semen
of their male partners (medianCVS 1hr= 1,132,390.43 pg/ml;

mediansemen= 286,592.44 pg/ml, respectively; p= 0.001; Supple-
mentary Fig. 1). However, since semen levels of IP-10 and MIG
were much higher than those seen in CVS immediately after sex
(Supplementary Fig. 1), it was felt that semen could be an important
contributor to these changes. Therefore, we performed a repeated-
measures ANOVA on the change in log10 transformed concentra-
tion of CVS cytokines (IP-10 and MIG) at two time points in the
post condomless sex (1 and 72 h) group by comparing models both
without (ANOVA) and with baseline semen cytokine concentration
as a covariate (ANCOVA), since the latter will control for exposure
to IP-10 and MIG in semen. In the non-covariate model, there was a
significant within person linear decrease in CVS cytokines (IP-10
and MIG) over time (F(2, 50)= 9.02, p < 0.001; F(1.7,42.6)= 22.98,
p < 0.001, respectively). However, after adjusting for baseline IP-10
and MIG in semen (ANCOVA), the within subject effects were not
significant (F(2, 48)= 0.35, p= 0.703; F(1.8, 45.4)= 1.77, p= 0.182,
respectively), indicating that the higher concentrations of IP-10 and
MIG in semen could explain the cervicovaginal changes seen after
condomless sex.

Impact of bacterial vaginosis on cervico-vaginal cytokine
changes after condomless sex. Bacterial vaginosis (BV) is asso-
ciated with elevated levels of pro-inflammatory vaginal
cytokines44,45, and thus we investigated the impact of BV status on
baseline CVS cytokine levels and on CVS cytokine changes
after condomless sex. Women with BV at baseline, defined as
a Nugent score ≥7 (n= 5), had significantly higher vaginal
levels of IL-1α, sE-cad and MMP9 compared to BV negative
women (Supplementary Fig. 2; IL-1α medianBV+= 132,805.22 pg/
ml versus medianBV−= 23,507.52 pg/ml, p= 0.004; sE-cad med-
ianBV+= 1,809,061.52 pg/ml versus medianBV-= 58,387.16 pg/ml,
p= 0.001; MMP9 medianBV+= 2,259,137.51 pg/ml versus med-
ianBV−= 314,963.46 pg/ml, p= 0.006; respectively). In addition,
they had lower vaginal levels of IP-10 (medianBV+ = 138.06 pg/ml
versus medianBV− = 2,294.61 pg/ml, p= 0.001).

Given these immune differences, we next assessed whether BV
status impacted the effect of condomless sex on cytokine levels,
with a focus on those cytokines that were significantly different at

Fig. 2 Baseline levels of cytokines in semen and cervico-vaginal secretions (CVS). Baseline levels of cytokines in semen (blue dots) and cervico-vaginal
secretions (red dots). Statistical comparisons were performed using Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001.
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baseline in women with BV. Specifically, we performed a repeated
measures ANOVA examining the change in log10 transformed
levels of IL-1α, sE-cad, IP-10 and MMP9 in CVS at three time
points (baseline, 1 h and 72 h) in the post condomless sex
group and included BV status as a between-subject factor. This
analysis demonstrated significant interactions between BV status

and changes in cervicovaginal IL-1α and sE-cad after condomless
sex (F(2,52)= 13.45, p < 0.001; F(2,52)= 7.96, p= 0.001, respec-
tively), meaning that the impact of condomless sex on these
cytokines was different in women with and without BV.
Stratifying the data based on BV status revealed that while the
levels of IL-1α and sE-cad increased 1 h post condomless sex in
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BV negative women, these cytokines actually decreased in BV
+women. No significant interactions were observed for IP-10
and MMP-9 (both p > 0.15).

Male partner circumcision status and cervicovaginal immune
changes after sex. We next examined the impact of male partner
circumcision status on vaginal immunology after condomless sex.
Demographic characteristics were similar between groups (Sup-
plementary Table 1). Prior to sex, the circumcision status of the
male partner was not associated with immune differences in his
semen or in the CVS of the female partner (all p > 0.08; Supple-
mentary Tables 2, 3). In the same cohort, we have shown previously
that levels of coronal sulcus cytokines were also comparable
between uncircumcised and circumcised men42. However, imme-
diately after condomless sex there were a pronounced increase in
vaginal IL-1α among women with uncircumcised male partners
(median difference uncircumcised=+18,519.72 pg/ml, p= 0.020;
Fig. 4a) that was not apparent in women with a circumcised male
partner (median difference circumcised=+2,905.47 pg/ml, p= 0.972;
Fig. 4a). Likewise, an immediate increase in vaginal sE-cad levels
was only apparent in women with uncircumcised male partners
(median difference uncircumcised=+560,246.07 pg/ml, p= 0.002;
median difference circumcised=+333,072.54 pg/ml, p= 0.075,
respectively; Fig. 4d), although similar trends were apparent in both
groups. These increases in vaginal IL-1α and sE-cad had resolved
completely by 72 h. Interestingly, vaginal levels of MIG and IFNα2a
only increased significantly in women with circumcised male part-
ners (for MIG: median difference uncircumcised=+126.4 pg/ml,
p= 0.088 versus median difference circumcised=+2,353.19 pg/ml,
p= 0.004; for IFNα2a: median difference uncircumcised=+8.04 pg/ml,
p= 0.121 versus median difference circumcised=+20.53 pg/ml,
p= 0.012; Fig. 4c, j, respectively), although again similar trends were
apparent in each group. The impact of sex on levels of soluble
immune factors IP-10, IL-8, IL-6, IL-17, MIP-1β, MIP-3α, and
MMP9 did not differ based on male partner circumcision status
(Fig. 4).

Impact of penile-vaginal sex on highly susceptible HIV target
cells in the cervix. Alterations in genital pro-inflammatory cyto-
kines/chemokines may recruit HIV-susceptible cells to the
mucosa, with Th17 cells being key HIV targets8,11–14. Therefore,
we next assessed the impact of penile-vaginal sex on the number
and proportion of endocervical cytobrush-derived Th17 cells
(gating strategy, Fig. 5a). The proportion of endocervical Th17
cells increased significantly one hour after condomless sex (med-
ian difference=+5.1%, p= 0.007; Fig. 5b), although there was no
increase in the absolute number of CD4+ T cells or Th17 cells per
cytobrush (both p > 0.5). This increase in the proportion of cer-
vical Th17 cells resolved within 72 h (p= 0.282; Fig. 5b), and was
not observed after condom-protected sex (both p > 0.063; Fig. 5b).

We next investigated the impact of sex on other CD4+T cell
subsets that may constitute preferential HIV targets, including
activated CD4+T cells (HLA-DR+ ; see Supplementary Fig. 3 for

gating strategy) and memory subsets (effector, TEM and central,
TCM; see Supplementary Fig. 3 for gating strategy). Again, sex did
not change the absolute number of cells per cytobrush, but the
proportion of activated T cells and central memory cells (Tcm)
(CD45RA-CCR7+ ) increased immediately after condomless sex
(both p < 0.03; Fig. 6a) and remained elevated at 72 h (both
p < 0.006; Fig. 6c). Similar effects were generally observed after
condom-protected sex despite lower participant numbers: the
proportion of activated cervical CD4+ cells was significantly
elevated at 72 h, and of TCM immediately after sex (Fig. 6b, d,
respectively). There were no significant differences in the propor-
tion or number of CCR5+ cells after condomless sex (all p > 0.2;
Fig. 6a, c); However, the proportion of CCR5+CD4+T cells
increased significantly 72 h after condom-protected sex (p= 0.028;
Fig. 6d).

Effects of penile-vaginal sex on cervical dendritic cell subsets.
Genital monocyte-derived DCs (CD14+DCs) may be an
important HIV target17, and so we next explored the activation
(CD86 expression) and maturation status (CD83 expression) of
monocyte-derived DCs (CD14+DCs) (gating strategy; Supple-
mentary Fig. 4). The percentage of both activated and mature
monocyte-derived DCs (CD14+DCs) increased immediately
after condomless sex (median difference=+2.7 %, p= 0.046;
median difference=+6.4%, p= 0.014, respectively; Fig. 6a);
while monocyte-derived DCs (CD14+DC) activation resolved
by 72 h, the maturation markers remained persistently elevated
(median difference=−1.1%, p= 0.809; median difference=
+9.4%, p= 0.012, respectively; Fig. 6c). A similar trend, albeit
non-significant, was apparent after condom-protected sex (all
p > 0.06; Fig. 6b, d).

Migratory CD14 negative DCs may play a role in HIV
dissemination17, and again the percentage of activated and
mature CD14 negative DCs increased early after condomless sex
(median difference=+4.8%, p= 0.004; median difference=
+8.4%, p= 0.004, respectively; Fig. 6a), and returned to baseline
levels by 72 h (both p > 0.5; Fig. 6c). Transient increases in
activation were also seen after condom-protected sex (median
difference 1hr=+18.2%, p= 0.043; median difference72hr=
+13.8%, p= 0.345; Fig. 6b, d).

Cervical cell changes and male partner circumcision status. In
general, penile immunology and microbiome are very different
in circumcised and uncircumcised men31,46. Thus, we next
compared cervical cell changes after condomless penile-vaginal
sex in women with a circumcised (n= 13) vs uncircumcised
(n= 16) male partner. After condomless sex, the proportion of
Th17 cells only increased significantly in women with uncir-
cumcised male partners (median difference uncircumcised=
+5.8%, p= 0.004 vs. median difference circumcised=+2.4% and
p= 0.422; Fig. 7a). Although cervical changes in activated
CD4+ T cells and Tcm after condomless sex were similar
(Fig. 7b, c, respectively), dendritic cell changes were also highly

Fig. 3 Impact of penile-vaginal sex on cervico-vaginal soluble immune factors. Concentration of IP-10 (pg/ml) at baseline and 1 h, 72 h after (a)
condomless sex (N= 29), (b) condom-protected sex (N= 8). Concentration of IL-1α (pg/ml) at baseline and 1 h and 72 h after (c) condomless sex
(N= 29), (d) condom-protected sex (N= 8). The red dotted line shows the lower level of detection (LLODs). The red numbers illustrate the median
cytokine concentration at each visit. See methods for detailed information on LLOD values for each cytokine. Statistical comparisons were performed using
Wilcoxon Signed Ranked test. Summary of the median difference and interquartile range of undiluted cervico-vaginal cytokines concentrations from
baseline to 1 h post (e) condomless sex and (f) condom-protected sex. Summary of the median difference and interquartile range of undiluted cervico-
vaginal cytokines concentrations from baseline 72 h post (g) condomless sex and (h) condom-protected sex. Cytokine values were log10 transformed only
for the presentation purpose, and statistical comparisons were performed using Wilcoxon Signed Ranked test. *p < 0.05, **p < 0.01, ***p < 0.001. The box
plots represent the median difference from baseline, with interquartile and minimum to maximum ranges.
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Fig. 4 Impact of penile circumcision status on cervico-vaginal soluble immune factor changes after condomless sex. Participants were divided into
uncircumcised (N= 16), and circumcised (N= 13) groups based on circumcision status of the male partners. The change (Δ) in the concentration of cytokines 1 h
and 72 h after condomless sex relative to baseline was defined in each group and is shown on the y-axis. a Δ IL-1α (pg/ml). b Δ IP-10 (pg/ml). c ΔMIG (pg/ml).
d Δ sE-cadherin (pg/ml). e Δ IL-6 (pg/ml). f Δ IL-8 (pg/ml). g Δ MIP-1β (pg/ml). h Δ MIP-3α. i Δ IL-17 (pg/ml). j Δ IFNα2a (pg/ml). k Δ MMP9 (pg/ml).
Statistical comparisons were performed using Wilcoxon Signed Ranked test. *p <0.05, **p <0.01, ***p <0.001.
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dependent on male circumcision status. Specifically, activation
of monocyte-derived DCs (CD14+DCs) and CD14- DCs
increased early after condomless sex in women with uncir-
cumcised male partners (median difference=+3.5%,
p= 0.028, Fig. 8a; median difference=+7.8%, p= 0.017,
Fig. 8c, respectively) but did not change in women with cir-
cumcised male partners (median difference=+0.25%,
p= 0.530, Fig. 8a; median difference=+4.8%, p= 0.083,
Fig. 8c, respectively). Likewise, the proportion of mature
monocyte-derived DCs (CD14+DCs) and CD14- DCs
increased early in women with uncircumcised male partners
(median difference=+19%, p= 0.011, Fig. 8b; median differ-
ence=+11%, p= 0.004, Fig. 8d, respectively), but not in those
with circumcised male partners (median difference=+1.8%,

p= 0.610, Fig. 8b; median difference=+3.8%, p= 0.328,
Fig. 8d, respectively).

Discussion
Cervico-vaginal inflammation, regardless of its cause, is asso-
ciated with an increased risk of HIV acquisition in prospective
cohort studies6,7,47. Interestingly, genital inflammation is gen-
erally assessed in these studies after participants have abstained
from sex for 48–72 h, despite the fact that the virus rapidly
penetrates the genital epithelium after sex and is found in
proximity to potential target cells within 4 h48, with important
early targets for virus infection including CD4+ T cell subsets
and immature dendritic cells11–13,17,49. Therefore, our goal in the
SECS study was to carefully assess the impact of a single episode

Fig. 5 Endocervical Th17 changes post-sex. a Gating strategy and representative plots for endocervical CD4+ T cells and Th17 cells. Cells were gated on
lymphocytes, singlets, live, CD3+ cells, CD4+ cells, CCR6+ CD4+ T cells (Th17). b Endocervical Th17% changes 1 h and 72 h after condomless sex
(N= 28) and sex with condom (N= 8). Statistical comparisons were performed using Wilcoxon Signed Ranked test. *p < 0.05, **p < 0.01, ***p < 0.001.
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of penile-vaginal sex on cervico-vaginal immune factors relevant
to HIV acquisition in the short term (after 1 h) and medium term
(after 72 h). Cervico-vaginal levels of several pro-inflammatory
cytokines and chemokines previously linked to HIV acquisition
increased immediately and transiently after both condomless and
condom-protected sex, and there were also rapid increases in
highly HIV-susceptible cervical cell populations, including Th17
cells, activated CD4+ T cells and activated DCs; in contrast to
soluble immune factors, these cellular changes were more
apparent after condomless sex, particularly in women with an
uncircumcised male partner. These rapid immune alterations
after sex may be critical in the short-term outcome of HIV
exposure, and have clear importance for understanding the
mucosal immunopathogenesis of HIV transmission.

An important mechanism by which cervico-vaginal inflam-
mation enhances the risk of HIV transmission is the disruption of
epithelial barrier integrity8, which might also plausibly be affected
by physical stresses during penile-vaginal sex. While the collec-
tion of biopsies was not part of our study protocol, epithelial
barrier integrity was indirectly assessed through the release of sE-
cad, since tissue-bound E-cadherin is an important component of
the transcellular adherens junction in the endocervix, ectocervix
and vagina50. sE-cad levels in genital secretions increased after
penile-vaginal sex, even if a condom was used, suggesting that
physical stresses during sex disrupt the epithelial barrier. A
compromised epithelial barrier enhances virus access to HIV
target cells in the mucosa and submucosa, and in vitro studies
demonstrate that exposure of HIV target cells to inflammatory

Fig. 6 Impact of penile-vaginal sex on endocervical HIV target cells. The change from baseline in the proportion of each cell subset was calculated at
each time point. The median of percentage change and interquartile range are shown. Summary of the median of percentage difference and interquartile
range of various CD4+ T cell subsets and Dendritic cells from baseline 1 h post (a) condomless sex (N= 29) and (b) condom-protected sex (N= 8).
Summary of the median of percentage difference and interquartile range of various CD4+ T cell subsets and Dendritic cells from baseline 72 h post (c)
condomless sex (N= 26) and (d) condom-protected sex (N= 7). Statistical comparisons were performed using Wilcoxon Signed Ranked test. *p < 0.05,
**p < 0.01, ***p < 0.001. The box plots represent the median difference from baseline, with interquartile and minimum to maximum ranges.
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Fig. 7 Impact of male partner circumcision status on changes in endocervical T cell subsets after penile-vaginal sex. In each row, the graph on the left
demonstrates changes in endocervical T cell subsets from baseline to 1 h and 72 h after condomless sex for all participants (N= 29). The central figure
then shows data from the subset of couples with an uncircumcised partner, and the figure on the right from the subset of couples with a circumcised
partner. Rows are: (a) %Th17, (b) % activated CD4+ T cells (HLA-DR+ ), (c) % CD4+ central memory T cell (CD45RA-CCR7+ ). Statistical
comparisons were performed using Wilcoxon Signed Ranked test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 8 Impact of male partner circumcision status on changes in endocervical dendritic cells after penile-vaginal sex. In each row, the graph on the left
demonstrates changes in endocervical dendritic cells from baseline to 1 h and 72 h after condomless sex for all participants (N= 29). The central figure
then shows data from the subset of couples with an uncircumcised partner, and the figure on the right from the subset of couples with a circumcised
partner. Rows are: a % activated monocyte-derived DCs (CD86+ CD14+DCs). b % mature monocyte-derived DCs (CD83+ CD14+DCs). c %
activated CD14- DC (CD86+ ). d % mature CD14- DCs (CD83+ ). Statistical comparisons were performed using Wilcoxon Signed Ranked test. *
p < 0.05, ** p < 0.01, *** p < 0.001.
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chemokines (including IP-10) also increases cellular HIV
uptake51. While we found that both pro-inflammatory cytokine
and sE-cad levels had returned to baseline within 72 h of sex, the
rapid (within 4 h) viral penetration of the genital epithelium after
sex that was demonstrated by Carias and colleagues suggests that
this time frame may be critical for HIV acquisition48. Much
higher levels of soluble E-cadherin and IL-1α were seen in the
CVS of women with BV (n= 5), and the level of both cytokines
actually decreased after condomless sex in these participants.
While our sample size was not sufficient to explore the interaction
between BV and post-sex immune changes any further, this may
represent an important area for future research.

In addition to effects on epithelial integrity, genital inflam-
mation may also enhance HIV susceptibility through the local
recruitment of HIV target cells8. In the SECS study, the early
chemokine increase after condomless sex coincided with an
increase in the proportion of mucosal Th17 cells and activated
CD4+ T cells, both of which are primary targets of HIV. Given
that HIV must initially establish itself through local mucosal
replication, prior to systemic dissemination49, the increase that
we observed in the proportion of preferential HIV target cells
after condomless sex may be critical. After this local virus repli-
cation, dendritic cells (DCs) play an important role in the sys-
temic dissemination of HIV15,52, and so the early increase in
genital DC activation and maturation that we observed after sex
may also enhance HIV susceptibility. While we hypothesize that
these DC alterations may relate to epithelial disruption, with DC
exposure to soluble immune factors and/or microbiota compo-
nents, this will require further investigation.

Penile circumcision reduces the risk of HIV acquisition in men
by 60% or more53–55, likely due to eradication of the subpreputial
space, which is enriched in inflammatory bacteria and
chemokines56. Although a small randomized trial did not
demonstrate that circumcision of HIV-infected men reduced
transmission to their female partners57, circumcision of an HIV-
uninfected man reduced the partner’s incidence of severe bac-
terial vaginosis and several STIs58. In our SECS study approxi-
mately half the male partners were circumcised, and pre-planned
stratification of our results based on circumcision status
demonstrated that vaginal increases in the level of IL-1α, and in
the proportion of cervical Th17 cells and activated/mature cer-
vical DCs, were only observed after condomless sex in female
partners of uncircumcised men. The mechanism for these dif-
ferences is not known, and it is important to note that our sample
size was relatively small and therefore these results need to be
confirmed in future studies. However, the uncircumcised penis
has a ten-fold higher total bacterial load and a much higher
proportion of inflammatory anaerobic penile bacteria46. Since the
density of some of these same bacteria in the vagina is a key
determinant of inflammatory cytokine levels59, this suggests that
investigation of the genital microbiome as a basis for these
immune differences after sex will be very interesting.

While these substantial effects of penile-vaginal sex on the
immunology of the female genital tract are interesting, the SECS
study does have some limitations. We assessed immune differ-
ences at 1 h and 72 h after sex but were not able to assess planned
intermediate endpoints since our validation study demonstrated
that cytobrush sampling itself induces immune changes that
persist up to 72 h43. Therefore, future studies might limit sam-
pling to swabs and/or SoftCup collection, which have less
immune impact and would allow a more detailed assessment of
immune dynamics after sex. Furthermore, our cohort was rela-
tively small, and so we were not powered to perform numerous
interesting subanalyses, such as the potential effects of participant
use of hormonal contraceptives, hygiene practices, ethnic back-
ground, etc on the immune impacts of penile-vaginal sex.

Moreover, we defined Th17 cells based only on CD4+ T cell
expression of CCR6, without surface markers such as CCR4 and/
or CCR10 that would allow us to further define Th17 cell subsets.
While these cells were demonstrated to be preferential early SIV
targets in primate models11, it is likely that a proportion of the
cells we defined as Th17 may represent Th22 or Th1/Th17 cells.

In conclusion, the SECS study clearly demonstrates that
receptive penile-vaginal sex induces rapid alterations in cervico-
vaginal proinflammatory cytokines, endocervical cell populations
and epithelial integrity as early as 1 h after sex. These changes had
mostly resolved within 72 h, and would be expected to have
important effects on host HIV susceptibility. Since there was
heterogeneity in the immune effects of sex based on both host and
partner characteristics, expanding these studies may be important
to understand the mucosal immunopathogenesis of HIV trans-
mission, and to better design female-focused HIV prevention
strategies. It will also be important for cohort-based studies of
mucosal immunology and HIV susceptibility to consider the
immune changes induced by sex in their study design.

Data availability
Source data analysed for the main figures can be accessed as Supplementary Data 1. All
data generated in this study will be provided by the corresponding author on reasonable
request.

Received: 4 October 2021; Accepted: 3 May 2022;

References
1. Yi, T. J., Shannon, B., Prodger, J., McKinnon, L. & Kaul, R. Genital

immunology and HIV susceptibility in young women. Am. J. Reprod.
Immunol. 69, 74–79 (2013).

2. Boily, M. C. et al. Heterosexual risk of HIV-1 infection per sexual act:
Systematic review and meta-analysis of observational studies. Lancet Infect.
Dis. 9, 118–129 (2009).

3. Galvin, S. R. & Cohen, M. S. The role of sexually transmitted diseases in HIV
transmission. Nat. Rev. Microbiol. 2, 33–42 (2004).

4. Atashili, J., Poole, C., Ndumbe, P. M., Adimora, A. A. & Smith, J. S. Bacterial
vaginosis and HIV acquisition: A meta-analysis of published studies. AIDS 22,
1493–1501 (2008).

5. Low, N. et al. Intravaginal practices, bacterial vaginosis, and HIV infection in
women: Individual participant data meta-analysis. PLoS Med. 8, e1000416 (2011).

6. Masson, L. et al. Genital inflammation and the risk of HIV acquisition in
women. Clin. Infect. Dis. 61, 260–269 (2015).

7. McKinnon, L. R. et al. Genital inflammation undermines the effectiveness of
tenofovir gel in preventing HIV acquisition in women. Nat. Med. 24, 491–496
(2018).

8. Arnold, K. B. et al. Increased levels of inflammatory 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. 9, 194–205 (2016).

9. Borgdorff, H. et al. Cervicovaginal microbiome dysbiosis is associated with
proteome changes related to alterations of the cervicovaginal mucosal barrier.
Mucosal Immunol. 9, 621–633 (2016).

10. Zhang, Z. et al. Sexual transmission and propagation of SIV and HIV in
resting and activated CD4+ T cells. Science 286, 1353–1357 (1999).

11. Stieh, D. J. et al. Th17 cells are preferentially infected very early after vaginal
transmission of SIV in Macaques. Cell Host Microbe 19, 529–540 (2016).

12. Maric, D. et al. Th17 T cells and immature dendritic cells are the preferential
initial targets after rectal challenge with a simian immunodeficiency virus-
based replication-defective dual-reporter vector. J. Virol. 95, e0070721 (2021).

13. Rodriguez-Garcia, M., Barr, F. D., Crist, S. G., Fahey, J. V. & Wira, C. R.
Phenotype and susceptibility to HIV infection of CD4+ Th17 cells in the
human female reproductive tract. Mucosal Immunol. 7, 1375–1385 (2014).

14. McKinnon, L. R. et al. Characterization of a human cervical CD4+ T cell
subset coexpressing multiple markers of HIV susceptibility. J. Immunol. 187,
6032–6042 (2011).

15. Wu, L. & KewalRamani, V. N. Dendritic-cell interactions with HIV: infection
and viral dissemination. Nat. Rev. Immunol. 6, 859–868 (2006).

COMMUNICATIONS MEDICINE | https://doi.org/10.1038/s43856-022-00122-7 ARTICLE

COMMUNICATIONS MEDICINE |            (2022) 2:60 | https://doi.org/10.1038/s43856-022-00122-7 |www.nature.com/commsmed 13

www.nature.com/commsmed
www.nature.com/commsmed


16. Bertram, K. M. et al. Identification of HIV transmitting CD11c(+) human
epidermal dendritic cells. Nat. Commun. 10, 2759 (2019).

17. Rodriguez-Garcia, M. et al. Dendritic cells from the human female
reproductive tract rapidly capture and respond to HIV. Mucosal Immunol. 10,
531–544 (2017).

18. Botting, R. A. et al. Langerhans cells and sexual transmission of HIV and HSV.
Rev. Med. Virol. 27, https://doi.org/10.1002/rmv.1923 (2017).

19. Fahrbach, K. M. et al. Activated CD34-derived Langerhans cells mediate
transinfection with human immunodeficiency virus. J. Virol. 81, 6858–6868
(2007).

20. Ballweber, L. et al. Vaginal langerhans cells nonproductively transporting
HIV-1 mediate infection of T cells. J. Virol. 85, 13443–13447 (2011).

21. Rhodes, J. W. et al. Human anogenital monocyte-derived dendritic cells and
langerin+cDC2 are major HIV target cells. Nat. Commun. 12, 2147 (2021).

22. Wira, C. R., Fahey, J. V., Sentman, C. L., Pioli, P. A. & Shen, L. Innate and
adaptive immunity in female genital tract: cellular responses and interactions.
Immunol. Rev. 206, 306–335 (2005).

23. Taub, D. D., Anver, M., Oppenheim, J. J., Longo, D. L. & Murphy, W. J. T
lymphocyte recruitment by interleukin-8 (IL-8). IL-8-induced degranulation
of neutrophils releases potent chemoattractants for human T lymphocytes
both in vitro and in vivo. J. Clin. Invest. 97, 1931–1941 (1996).

24. Farber, J. M. Mig and IP-10: CXC chemokines that target lymphocytes. J.
Leukoc. Biol. 61, 246–257 (1997).

25. Yamazaki, T. et al. CCR6 regulates the migration of inflammatory and
regulatory T cells. J. Immunol. 181, 8391–8401 (2008).

26. Acosta-Rodriguez, E. V. et al. Surface phenotype and antigenic specificity of
human interleukin 17-producing T helper memory cells. Nat. Immunol. 8,
639–646 (2007).

27. Annunziato, F., Cosmi, L., Liotta, F., Maggi, E. & Romagnani, S. Defining the
human T helper 17 cell phenotype. Trends Immunol. 33, 505–512 (2012).

28. Li, Q. et al. Glycerol monolaurate prevents mucosal SIV transmission. Nature
458, 1034–1038 (2009).

29. Nazli, A. et al. Exposure to HIV-1 directly impairs mucosal epithelial
barrier integrity allowing microbial translocation. PLoS Pathog. 6, e1000852
(2010).

30. Michaudel, C. et al. Interleukin-1alpha Mediates Ozone-Induced Myeloid
Differentiation Factor-88-Dependent Epithelial Tissue Injury and
Inflammation. Front. Immunol. 9, 916 (2018).

31. Prodger, J. L. 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. 12, e1006025 (2016).

32. Miller, C. J. et al. Propagation and dissemination of infection after vaginal
transmission of simian immunodeficiency virus. J. Virol. 79, 9217–9227
(2005).

33. Hu, J., Gardner, M. B. & Miller, C. J. Simian immunodeficiency virus rapidly
penetrates the cervicovaginal mucosa after intravaginal inoculation and infects
intraepithelial dendritic cells. J. Virol. 74, 6087–6095 (2000).

34. Carias, A. M. et al. Defining the interaction of HIV-1 with the mucosal
barriers of the female reproductive tract. J. Virol. 87, 11388–11400 (2013).

35. Politch, J. A., Tucker, L., Bowman, F. P. & Anderson, D. J. Concentrations and
significance of cytokines and other immunologic factors in semen of healthy
fertile men. Hum. Reprod. 22, 2928–2935 (2007).

36. Doncel, G. F., Anderson, S. & Zalenskaya, I. Role of semen in modulating the
female genital tract microenvironment–implications for HIV transmission.
Am. J. Reprod. Immunol. 71, 564–574 (2014).

37. Sharkey, D. J., Macpherson, A. M., Tremellen, K. P. & Robertson, S. A.
Seminal plasma differentially regulates inflammatory cytokine gene expression
in human cervical and vaginal epithelial cells. Mol. Hum. Reprod. 13, 491–501
(2007).

38. Robertson, S. A., Mau, V. J., Tremellen, K. P. & Seamark, R. F. Role of high
molecular weight seminal vesicle proteins in eliciting the uterine inflammatory
response to semen in mice. J. Reprod. Fertil. 107, 265–277 (1996).

39. De, M., Choudhuri, R. & Wood, G. W. Determination of the number and
distribution of macrophages, lymphocytes, and granulocytes in the mouse
uterus from mating through implantation. J. Leukoc. Biol. 50, 252–262
(1991).

40. Sharkey, D. J., Tremellen, K. P., Jasper, M. J., Gemzell-Danielsson, K. &
Robertson, S. A. Seminal fluid induces leukocyte recruitment and cytokine and
chemokine mRNA expression in the human cervix after coitus. J. Immunol.
188, 2445–2454 (2012).

41. Nakra, N. A. et al. Loss of Innate Host Defense Following Unprotected
Vaginal Sex. J. Infect. Dis. 213, 840–847 (2016).

42. Mohammadi, A. et al. Insertive condom-protected and condomless vaginal sex
both have a profound impact on the penile immune correlates of HIV
susceptibility. PLoS Pathog. 18, e1009948 (2022).

43. Mohammadi, A. et al. The impact of cervical cytobrush sampling on cervico-
vaginal immune parameters and microbiota relevant to HIV susceptibility. Sci.
Rep. 10, 8514 (2020).

44. Anahtar, M. N. et al. Cervicovaginal bacteria are a major modulator of host
inflammatory responses in the female genital tract. Immunity 42, 965–976
(2015).

45. Shannon, B. et al. Distinct Effects of the Cervicovaginal Microbiota and
Herpes Simplex Type 2 Infection on Female Genital Tract Immunology. J.
Infect. Dis. 215, 1366–1375 (2017).

46. Liu, C. M. et al. Male circumcision significantly reduces prevalence and load of
genital anaerobic bacteria. mBio 4, e00076 (2013).

47. Levinson, P. et al. Levels of innate immune factors in genital fluids: association
of alpha defensins and LL-37 with genital infections and increased HIV
acquisition. AIDS 23, 309–317 (2009).

48. Carias, A. M. et al. Increases in endogenous or exogenous progestins promote
virus-target cell interactions within the non-human primate female
reproductive tract. PLoS Pathog. 12, e1005885 (2016).

49. Haase, A. T. Targeting early infection to prevent HIV-1 mucosal transmission.
Nature 464, 217–223 (2010).

50. Blaskewicz, C. D., Pudney, J. & Anderson, D. J. Structure and function of
intercellular junctions in human cervical and vaginal mucosal epithelia. Biol.
Reprod. 85, 97–104 (2011).

51. Cameron, P. U. et al. Establishment of HIV-1 latency in resting CD4+ T cells
depends on chemokine-induced changes in the actin cytoskeleton. Proc. Natl.
Acad. Sci. USA. 107, 16934–16939 (2010).

52. Teleshova, N., Frank, I. & Pope, M. Immunodeficiency virus exploitation of
dendritic cells in the early steps of infection. J. Leukoc. Biol. 74, 683–690
(2003).

53. Auvert, B. et al. Randomized, controlled intervention trial of male
circumcision for reduction of HIV infection risk: The ANRS 1265 Trial. PLoS
Med 2, e298 (2005).

54. Bailey, R. C. et al. Male circumcision for HIV prevention in young men in
Kisumu, Kenya: A randomised controlled trial. Lancet 369, 643–656 (2007).

55. Gray, R. H. et al. Male circumcision for HIV prevention in men in Rakai,
Uganda: A randomised trial. Lancet 369, 657–666 (2007).

56. Prodger, J. L. & Kaul, R. The biology of how circumcision reduces HIV
susceptibility: Broader implications for the prevention field. AIDS Res. Ther.
14, 49 (2017).

57. Baeten, J. M. et al. Male circumcision and risk of male-to-female HIV-1
transmission: A multinational prospective study in African HIV-1-
serodiscordant couples. AIDS 24, 737–744 (2010).

58. Morris, B. J. et al. Does male circumcision reduce women’s risk of sexually
transmitted infections, cervical cancer, and associated conditions? Front.
Public Health 7, 4 (2019).

59. Armstrong, E. et al. Metronidazole treatment rapidly reduces genital inflammation
through effects on bacterial vaginosis-associated bacteria rather than lactobacilli. J.
Clin. Invest. 132, https://doi.org/10.1172/JCI152930 (2022).

Acknowledgements
We acknowledge the time and cooperation of all study participants. We also thank the
invaluable support we received from all staff at Women’s Health in Women’s Hands
Community Centre who helped us with this project. Funding: Canadian Institutes of
Health (CIHR; PJT-156123 and TMI-138656, R.K.).

Author contributions
All authors contributed to the study. A.M. and R.K. conceptualized and designed the
study. A.M., S.B., Y.C., A.F., E.T., S.H., W.T., and R.K. were involved in study execution.
A.M. and S.V.G. performed data analysis. A.M. and R.K. were involved in the inter-
pretation of the study.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s43856-022-00122-7.

Correspondence and requests for materials should be addressed to Avid Mohammadi or
Rupert Kaul.

Peer review information Communications Medicine thanks Andrew Harman and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

ARTICLE COMMUNICATIONS MEDICINE | https://doi.org/10.1038/s43856-022-00122-7

14 COMMUNICATIONS MEDICINE |            (2022) 2:60 | https://doi.org/10.1038/s43856-022-00122-7 | www.nature.com/commsmed

https://doi.org/10.1002/rmv.1923
https://doi.org/10.1172/JCI152930
https://doi.org/10.1038/s43856-022-00122-7
http://www.nature.com/reprints
www.nature.com/commsmed


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

COMMUNICATIONS MEDICINE | https://doi.org/10.1038/s43856-022-00122-7 ARTICLE

COMMUNICATIONS MEDICINE |            (2022) 2:60 | https://doi.org/10.1038/s43856-022-00122-7 |www.nature.com/commsmed 15

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsmed
www.nature.com/commsmed

	Immune parameters of HIV susceptibility in the female genital tract before and after penile-vaginal sex
	Methods
	Study design
	Study approval
	Sampling protocol
	STI and BV diagnosis
	Immune cell phenotyping
	Cytokine analysis
	Statistics and reproducibility
	Reporting Summary

	Results
	Participant enrolment and characteristics
	Comparison of baseline semen and cervico-vaginal cytokine levels
	Impact of penile-vaginal sex on cervicovaginal cytokines
	Impact of semen parameters on cervico-vaginal cytokine changes after condomless sex
	Impact of bacterial vaginosis on cervico-vaginal cytokine changes after condomless sex
	Male partner circumcision status and cervicovaginal immune changes after sex
	Impact of penile-vaginal sex on highly susceptible HIV target cells in the cervix
	Effects of penile-vaginal sex on cervical dendritic cell subsets
	Cervical cell changes and male partner circumcision status

	Discussion
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




