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ARTICLE INFO ABSTRACT

Keywords: Female reproductive mucosa must allow allogenic sperm survival whereas at the same time, avoid pathogen
Neutrophils infection. To preserve sperm from neutrophil attack, neutrophils disappear from the vagina during the ovulatory
Cervix phase (high estradiol); although the mechanisms that regulate neutrophil influx to the vagina during in-
Estradiol semination remain controversial.

Eg;glesmmne We investigated the sex hormone regulation of the neutrophil migration through the cervix during in-
Sperm semination and revealed that ovulatory estradiol dose fades the CXCL1 epithelial expression in the ecto-

cervix and fornix; hence, retarding neutrophil migration and retaining them in the epithelium. These me-
chanisms spare sperm from neutrophil attack to preserve reproduction, but might compromise immunity.
However, luteal progesterone dose promotes the CXCL1 gradient expression to restore neutrophil migration,
to eliminate sperm and prevent sperm associated pathogen dissemination. Surprisingly, these mechanisms
are hormone dependent and independent of the insemination. Thus, sex hormones orchestrate tolerance and
immunity in the vaginal lumen by regulating neutrophil transepithelial migration in the fornix and ecto-

cervix.

1. Introduction

Epithelial cells produce chemoattractants that guide neutrophils
through the interstitium towards a site of infection/inflammation (Li
et al., 2002; Swee et al., 2008; Lasarte et al., 2016) where they can
combat invading microbes. Neutrophils are very efficient at phagocy-
tosing and killing invaders (Nicolas-Avila et al., 2017). However, neu-
trophil migration into the tissues must be carefully regulated because of
the potential host tissue damage resulting from uncontrolled release of
toxic neutrophil metabolites (Kruger et al., 2015). Female reproductive
tract (FRT) mucosa must regulate neutrophil migration to maintain the
balance between the presence of commensal and opportunistic micro-
biota, exogenous spermatozoa and the threat of sexually transmitted
pathogens.

Cyclic hormonal levels control vaginal mucosa to create a

microenvironment to favor sperm survival and reproduction. During
intercourse, ejaculate is pooled in the fornix and the ectocervix of the
FRT. Within minutes, sperm cells start to swim and the cervix must
facilitate passage of sperm if fertilization is to occur (Suarez and Pacey,
2006). In addition, during the ovulatory phase, neutrophils disappear
from the vaginal lumen (Stockard and Papanicolaou, 1917; Sonoda
et al., 1998; Sasaki et al., 2009; Caligioni, 2009) thus preventing sperm
capture and damage (Zambrano et al., 2016). As a result, epithelial cells
turn out to be unprotected from pathogens that also target the cervical
regions (Ghosh, 2014; Anderson et al., 2014; Wira et al., 2015) pro-
ducing an E2 and E2 receptor (ESR1) mediated window of vulnerability
to infection during ovulation (Salinas-Munoz et al., 2018). In contrast,
studies performed during insemination demostrate a sperm dependent
wave of neutrophils after insemination (Matthijs et al., 2003; Schuberth
et al., 2008; Sharkey et al., 2007, Sharkey et al., 2012). This apparently
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contradictory finding highlights a gap in our knowledge about how
cervical mucosa responds to sperm and the neutrophils driving forces
during insemination.

Neutrophils recruit to sites of injury (Foxman et al., 1997) or in-
fection (da Silva et al., 2012) by CXCR2-, CCR1- and CXCR4-ligands.
Because CXCR2 depletion in vaginal neutrophils abolishes neutrophil
transepithelial migration (TEM) (Lasarte et al., 2016) and CXCR2-li-
gands have been found in vaginal secretions (Lindqvist et al., 2009;
Hickey et al., 2013; Deruaz and Luster, 2015), we studied the role of
CXCR2/CXCR2-ligands axis to drive neutrophils to the vaginal lumen
during insemination and its female sex hormone regulation to prevent
neutrophil capture and damage to sperm during ovulation. We set up a
mouse model of insemination in the presence of estradiol (E2 ovulatory
phase) or progesterone (P4 luteal phase) to study the role of hormones
on the neutrophil TEM regulation during insemination. We analyzed
the CXCL1 expression regulation and neutrophil TEM at the cervical
area, which is the main entrance for neutrophils to the vaginal lumen
and the sperm to the uterus. We discovered that E2-treatment induces
epithelial down-regulation of CXCL1 expression and it could play a role
in the retardation of neutrophils at the ectocervix and fornix mucosa,
and the associated lack of neutrophils in the vaginal lumen during
ovulation.

2. Materials and methods
2.1. Ethical approval

Animal experiments comply with the ARRIVE guidelines and in
accordance with the EU Directive 2010/63/EU for animal experiments.

The IiSGM Animal Care and Use Committee approved all the proce-
dures (PROEX 147/14).

2.2. In vivo hormonal treatment, vaginal inoculation and lavage

Female BALB/c (H-2d), C57BL/6 Wt and ESR1 ™/~ [B6N(Cg)-
Esrl1tm4.2Ksk/J JAX stock #026176] were maintained under specific
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Fig. 1. Neutrophils in the vaginal lavage after insemination.
Ovariectomized mice were hormone-treated and inseminated.
(A) Progesterone and (B) estradiol treated mice. Representative
flow cytometry plots, gating on CD45" alive cells and phase
contrast microscopy of the vaginal lavage 6 h after insemina-
tion. Scale bar, 10 um. Isotype control mAb (line) and indicated
mAb (grey filled lines). Number of neutrophils in the vaginal
lavage are expressed as box and whiskers 10-90 percentile
(n = 8-10 mice per time points). *p < 0.05. Mann-Whitney.
Mk:mock vaginal inoculated mice with vehicle without sperm.
E2:estradiol; P4:progesterone, CD11B: Integrin alpha M
(ITGAM) Pan-myeloid cells marker, LY6 G: (Lymphocyte an-
tigen 6 G) Pan-neutrophils marker. (For interpretation of the
references to colour in this figure legend, the reader is referred
to the web version of this article).

pathogen-free, 12h light/dark, with environmental enrichment and
temperature and humidity controlled in the Animal Facility of [iSGM.
ESR1 ™/~ mice were unfertile and without cyclic changes (Dupont
et al., 2000). Four-week-old mice (13-15 g) were ovariectomized under
sevoflurane anesthesia (Lasarte et al., 2013). After 2 weeks of recovery,
females were randomly assigned to the groups and injected sub-
cutaneously with 0.02 mg of 17B-E2 or and 0.2 mg of P4 (Calbiochem,
Germany) dissolved in 100 pl of sesame oil (Sigma-Aldrich, USA) every
4 days. Hormone treatment was sufficient to maintain hormone con-
centrations (Lasarte et al., 2016). Seventy-two hours after first hor-
monal treatment, 5 X 10° sperm in 20 pl of PBS or PBS alone (mock)
were inoculated into the vagina. Vaginal secretions were collected by
gently flushing 50 pl of sterile PBS the vaginal vault four times (Salinas-
Munoz et al., 2018).

2.3. Sperm collection

Sperm was collected from CD1 Crl:CD1(ICR) (outbred) vasa defer-
entia. Briefly, vasa deferentia were removed and sperm was expelled
carefully and washed in PBS (Lasarte et al., 2013).

2.4. Flow cytometry

Direct membrane immunofluorescence was performed using: rat
anti-mouse CD45 (eBioscence, USA), rat anti-mouse LY6G
(eBioscience, USA), rat anti-mouse CD11B (eBioscience, USA) and rat
anti-human and mouse CDH1 (Biolegend, USA). CXCL1 (rabbit, Abcam,
UK) expression was determined by intracellular staining using the BD
Cytofix/Cytoperm (BD bioscience, USA) following manufacturer’s in-
structions in the presence of 50 ug/ml mouse IgG. We used the same
isotype control antibody as a negative control and dead cells were ex-
cluded by 7-amino-actinomycin-D staining (Sigma, USA). Samples were
analyzed in Gallios device (Beckman Coulter, USA) and data were
analyzed using Flowjo software (Tree Star, Inc, USA). Cells were
counted using Flow-Count fluorospheres (Beckman Coulter, USA) fol-
lowing the manufacturer’s instructions.
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Fig. 2. Neutrophils in the ectocervix and fornix after insemination. Hormone-
treated ovariectomized mice were mock or inseminated in the vagina for 6 h.
Photomicrograph of the (A) ectocervix and (B) fornix with LY6 G-stained neu-
trophils (white). Scale bar, 200 um. LY6 G + cells/field in the lower female
reproductive tract epithelium and stroma. Data were calculated in at least 3
different sections of each sample (n = 5) and expressed as box and whiskers
10-90 percentile. *p < 0.05 and **p < 0.01 Mann-Whitney. Yellow line in-
dicates the lamina propia. E2:estradiol; P4:progesterone; Lu: lumen; Ep: epi-
thelium; St: Stroma. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).

2.5. Confocal microscopy

FRT tissues were embedded in Tissue-Tek OCT (Sakura,
Netherlands). Eight-micrometer sections were fixed with acetone,
blocked (50 pg/ml mouse IgG and 10% BSA) and stained with: rat
anti-mouse LY6 G (eBioscence, USA), rabbit anti-mouse CXCL1
(abcam, USA), rabbit anti-mouse CXCL2 (AbD serotec, USA), rabbit
anti-mouse CXCL5 (eBioscience, USA), rabbit anti-mouse CXCR2
(Santa Cruz Biotech, USA) and rat anti-mouse CDH1 (Biolegend, USA).
For in vivo protein expression quantification, tissues were imaged
using the glycerol ACS APO 20x NA 0.60 objective of a confocal
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fluorescence microscope (SPE, Leica Microsystems), maintaining the
acquisition settings all over the process for each sample and among
samples, as previously described (Samaniego et al., 2013; Lasarte
et al., 2016). Mean fluorescence intensities (MFI) were assessed at
multiple regions of interest (ROIs) by field, randomly depicted at
specific areas of the FRT stroma and epithelium. For CXCL1, sub-
epithelial stromal vs epithelial ROIs were depicted, as previously de-
scribed (Samaniego et al., 2013; Lasarte et al., 2016). For single-cell
quantification, LY6 G + stained neutrophils were segmented and MFI
of different markers quantified at matched cells. All quantifications,
including line-profiles, were performed using the FIJI (Fiji Is Just
ImageJ) software (NIH).

2.6. Statistical analysis

The tests used in each experiment are in the figure legends.
GraphPad Prism 5 (GraphPad Software, Inc, USA) was used to de-
termine statistical significance. A p value < 0.05 considered sig-
nificant.

3. Results

3.1. Estradiol impairs neutrophil recruitment into the vaginal lumen,
inducing their retention at the ectocervix and fornix

To study the role of sperm in the neutrophil influx into the vaginal
lumen, we set up a model of insemination in hormone-treated mice.
Inseminated P4-treated mice showed a significant increase of neu-
trophils ("15-fold) in the vaginal lavage 6 h after insemination com-
pared with non-inseminated mice. However, neutrophil infiltration was
insignificant in E2-treated mice (Fig. 1A and B).

Neutrophil influx inhibition to the vaginal lumen in inseminated E2-
treated mice could be due to a diminished extravasation or an impeded
TEM. To sort out these possibilities, we excised the lower FRT after
vaginal lavage and quantified the neutrophil content at the ectocervix
and fornix by confocal microscopy. We detected a higher density of
neutrophils in E2-treated compared with P4-treated mice in the stroma
and the epithelium, both in the ectocervix and fornix after the vaginal
lavage (Fig. 2A, and B). These E2-dependent neutrophil accumulations
may explain the absence of neutrophil in the vaginal lavage of E2-
treated mice (Fig. 1B). Whereas P4-treatment promotes TEM into the
vaginal lumen, E2-treatment arrests neutrophils in the ectocervix and
fornix.

3.2. Estradiol down-regulates CXCL1 epithelial expression

Because chemokine gradients guide neutrophils to cross the epi-
thelium (Li et al., 2002; Swee et al., 2008) and neutrophil CXCR2
expression is 90% responsible for neutrophil TEM to the vagina
(Lasarte et al., 2016), we focused on the neutrophil CXCR2 expression
at the ectocervix and fornix. E2-treatment did not significantly change
neutrophil CXCR2 expression (Fig. 3A), in accordance with our pre-
viously published ex vivo data (Lasarte et al., 2016). Then, we con-
cluded that neutrophil CXCR2 expression might not be a critical factor
for neutrophil accumulation in the fornix and ectocervix of E2- and
P4-treated mice. Therefore, we searched for CXCR2-ligand expression



L. Salinas-Mufiogz, et al.

A Vaginal tissue neutrophils
CXCR2

250_ Ectocervix Fornix
200- . . : o
10 F ;
100 | .
o - o
sof © "
0
P4 + - + -
E2 - + -+

B C

CXCL2

Journal of Reproductive Immunology 132 (2019) 9-15

Fig. 3. CXCR2 neutrophil expression and CXCL2 and
CXCL5 gradient expression in the ectocervix and fornix.
Hormone-treated ovariectomized mice. (A) Representative
pictures of sections assayed for CXCR2 (green) and
LY6 G+ (red). Quantification of CXCR2 expression in
LY6 G + neutrophils in the ectocervix and fornix. Data
were calculated in at least 3 different sections of each
sample (n=3) and are expressed as CXCR2 mean
intensity = SD. Hormone-treated ovariectomized mice
were mock or inseminated. Vaginal sections were (B)
CXCL2 and (C) CXCL5-stained. Chemokines gradient at the
stroma/epithelium. Data were calculated in at least 3 dif-
ferent points in 3 different sections of each sample. n = 5.
Mock: vaginal inoculated mice with vehicle without
sperm. E2: estradiol; P4: progesterone. A.U.:arbitrary
units; Ep:epithelium; St: Stroma. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article).
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alterations induced by E2-treatment that might account for its in-
hibitory effects.

CXCR2-ligands (CXCL1, CXCL2 and CXCL5) have been found in
vaginal secretions (Lindqvist et al., 2009; Hickey et al., 2013;
Deruaz and Luster, 2015). Therefore, we analyzed the chemokine
expression and we did not detect differences in the CXCL2 and
CXCL5 expression after the hormonal-treatments (Fig. 3B and C).
However, we detected lower CXCL1 (murine functional homolog of
human CXCL8) expression in the lower FRT epithelial cells from E2-
compared to P4-treated mice by flow cytometry (Fig. 4A) and
confocal microscopy. We detected a strong CXCL1 expression in the
P4-treated ectocervix (75-fold) and fornix ("4-fold) epithelium
compared with E2-treated mice (Fig. 4B, C and D), which explains
CXCL1 gradient variation during the ovarian cycle along the lower
FRT (vagina, ectocervix and fornix) (Lasarte et al., 2016). Indeed,
E2-teated ESR1-/- mice showed strong CXCL1 expression in the
ectocervix and fornix, verifying the key role of E2 in the CXCL1
repression (Fig. 5A). Therefore, the CXCL1 gradient could be one of
the factors that might explain the E2-dependent lack of neutrophils
in the vaginal lavage and the accumulation of neutrophils in the
ectocervix and fornix epithelium.
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3.3. CXCL1 expression decreases during ovarian cycle

In order to mimic the ovarian cycle sequence and validate the
hormone’s effect on CXCL1 expression during insemination, we pre-
treated mice with E2 for 72 h. Later, we inseminated and treated them
with E2 or P4 and we analyzed CXCL1 expression at the stroma and
epithelium. We detected a strong CXCL1 expression in the E2/P4-
treated ectocervix and fornix ("3-fold) compared with E2/E2-treated
mice (Fig. 5B), which shows P4 would be able to restore CXCL1 gra-
dient after ovulation (E2 peak) during luteal phase. This alteration in
CXCL1 gradient could be one of the factors that explain the lack of
neutrophils in the vaginal lavage and the accumulation of neutrophils
in the ectocervix and fornix epithelium upon E2-treatment, to spare
sperm from neutrophil attack and preserve reproduction during ovu-
lation.

4. Discussion

We suggest an E2-dependent molecular mechanism that retards
neutrophil migration to the vaginal lumen during ovulation. E2-
treatment reduces cervical epithelial cell CXCL1 gradient formation,
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Fig. 4. Female sex hormones regulates the CXCL1 gradient
in the ectocervix and fornix after insemination. Hormone-
treated ovariectomized mice were mock or inseminated. (A)
Representative flow cytometry plots of the CXCL1 expression
in the ectocervix and fornix epithelial cells (CDHI1 ™).
Numbers indicate the percentage of cells in the gate. (B)
Photomicrograph of the ectocervix and fornix stained for
CXCL1 (red) and CDH1 (white). Scale bar, 200 um. (C)
CXCL1 expression in the epithelium (CDH1 +) cross section
at the indicated green arrow in B. (D) Cxcll gradient in the
stroma/epithelium. Data were calculated from at least 3
different points of samples (n = 6) stained in 3 different
sections. Data are expressed as box and whiskers 10-90
percentile. *p < 0.05 Mann-Whitney. Isotype control mAb
(grey filled lines) and indicated mAb (lines). Yellow line:-
lamina propia. Scale bar, 200 pm. Mock: vaginal inoculated
mice with vehicle without sperm. E2:estradiol;
P4:progesterone. Lu:lumen; Ep:epithelium; St:Stroma;
A.U.:arbitrary units (For interpretation of the references to

C colour in this figure legend, the reader is referred to the web
E t N F N version of this article).
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which retard neutrophil migration. Consequently, neutrophils accu-
mulate in the ectocervix and vaginal fornix. In contrast, P4-treatment
promotes cervical CXCL1 gradient formation and neutrophil TEM.
These data help explain how FRT mucosa conciliates reproduction
with immunity.

Female reproductive mucosa recognizes semen as a foreign mate-
rial and induces a wave of leukocyte recruitment in the human cervix
after coitus, (Sharkey et al., 2012) and a Th17 immune response
against sperm that produces vaginal neutrophil infiltration (Lasarte
et al., 2013; Veldhoen, 2017). This anti-sperm immune reaction could
abolish reproduction (Zambrano et al., 2016), however during the
ovulatory phase (high E2 levels) neutrophils disappear from the va-
ginal lumen (Stockard and Papanicolaou, 1917) and accumulate in the
ectocervix and fornix (Salinas-Munoz et al., 2018). Here, we show
evidence of an ESR1-dependent mechanism by which E2-treatment
accumulates neutrophils at the ectocervix and fornix, which could
avoid sperm damage during ovulation. Therefore, epithelial CXCL1
E2-dependent repression regulates unwanted neutrophil responses
during ovulation.

Neutrophil infiltration is contingent on the ovarian cycle timing in
the FRT (Salinas-Munoz et al., 2018). However, in the intestine, lung
and bladder, inflammatory signals up-regulate the epithelial expres-
sion of CXCL1 to mediate neutrophil TEM (Buanne et al., 2007; Becker
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et al., 1994; O’Brien et al., 2016). Here, we show an independent of
sperm mechanism to withdraw neutrophils from the vaginal lumen to
allow sperm survival during ovulation, although it might compromise
immunity. In contrast, P4 during the luteal phase promotes neu-
trophil’s quick invasion of the vaginal lumen (Sonoda et al., 1998;
Lasarte et al., 2016; Salinas-Munoz et al., 2018) to restore immunity,
clear and trap sperm or sperm-associated microbes (Friberg et al.,
1987; Alghamdi and Foster, 2005). Therefore, we suggest that the
‘window of vulnerability’ to pathogens in the lower FRT could last
during the E2 peak (day "12 in human ovarian cycle) until the P4 peak
(day "17 in human ovarian cycle). Because, P4 restores neutrophil
infiltration and immunity after ovulation (Sonoda et al., 1998; Lasarte
et al., 2016; Salinas-Munoz et al., 2018).

Here we describe how sex hormones regulate CXCL1 epithelial ex-
pression in response to insemination in similar magnitude than in re-
sponse to pathogens (Lasarte et al., 2016) to preserve reproduction. Our
data reveal that E2 reduces neutrophil passage into the vaginal lumen
by causing neutrophil accumulation in the sub- epithelial spaces of the
fornix and ectocervix in response to sperm. In the case of E2 over ex-
posure, opportunistic microbiota or STDs pathogens could grow and
promote infection; however, uncontrolled neutrophil response during
ovulation could lead to sperm attack and infertility.
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Fig. 5. Estradiol down-regulates the CXCL1 gradient in the ec-
tocervix and fornix after insemination. Hormone-treated ovar-
iectomized mice were inseminated. (A) Photomicrograph of the
ectocervix and fornix stained for CXCL1 (red) from estradiol-
treated ESR1 ™/~ and Wt mice. CXCL1 gradient in the stroma/
epithelium (n = 5). Ovariectomized mice were estradiol-treated
and inoculated with sperm in the vagina. After the insemination,
mice were treated with estradiol or progesterone to mimic the
ovarian cycle. (B) Photomicrograph of the ectocervix and fornix
stained for CXCL1 (red). CXCL1 gradient in the stroma/epithe-
lium (n = 6). Data were calculated in at least 3 different points in
3 different sections of each sample. *p < 0.05 Mann-Whitney.
Isotype control mAb (grey filled lines) and indicated mAb (lines).
Scale bar, 200um. E2:estradiol; P4:progesterone. Lu:lumen;
Ep:epithelium; St:Stroma; A.U.:arbitrary units (For interpretation
of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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