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Background: The female reproductive tract (FRT) mucosa is the first line of defense
against sexually transmitted infection (STI). FRT environmental factors, including immune-
cell composition and the vaginal microbiota, interact with each other to modulate
susceptibility to STIs. Moreover, the menstrual cycle induces important modifications
within the FRTmucosa. Cynomolgus macaques are used as a model for the pathogenesis
and prophylaxis of STIs. In addition, their menstrual cycle and FRT morphology are similar
to women. The cynomolgus macaque vaginal microbiota is highly diverse and similar to
dysbiotic vaginal microbiota observed in women. However, the impact of the menstrual
cycle on immune markers and the vaginal microbiota in female cynomolgus macaques is
unknown. We conducted a longitudinal study covering three menstrual cycles in
cynomolgus macaques. The evolution of the composition of the vaginal microbiota and
inflammation (cytokine/chemokine profile and neutrophil phenotype) in the FRT and blood
was determined throughout the menstrual cycle.

Results: Cervicovaginal cytokine/chemokine concentrations were affected by the
menstrual cycle, with a peak of production during menstruation. We observed three
main cervicovaginal neutrophil subpopulations: CD11bhigh CD101+ CD10+ CD32a+,
CD11bhigh CD101+ CD10- CD32a+, and CD11blow CD101low CD10- CD32a-, of which
the proportion varied during the menstrual cycle. During menstruation, there was an
increase in the CD11bhigh CD101+ CD10+ CD32a+ subset of neutrophils, which
expressed higher levels of CD62L. Various bacterial taxa in the vaginal microbiota
showed differential abundance depending on the phase of the menstrual cycle.
Compilation of the factors that vary according to hormonal phase showed the
clustering of samples collected during menstruation, characterized by a high
concentration of cytokines and an elevated abundance of the CD11bhigh CD101+

CD10+ CD32a+ CD62L+ neutrophil subpopulation.
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Conclusions: We show a significant impact of menstruation on the local environment
(cytokine production, neutrophil phenotype, and vaginal microbiota composition) in female
cynomolgus macaques. Menstruation triggers increased production of cytokines, shift of
the vaginal microbiota composition and the recruitment of mature/activated neutrophils
from the blood to the FRT. These results support the need to monitor the menstrual cycle
and a longitudinal sampling schedule for further studies in female animals and/or women
focusing on the mucosal FRT environment.
Keywords: inflammation, menstrual cycle, female reproductive tract (FRT), cytokines, blood compartment,
neutrophils, vaginal microbiota
1 INTRODUCTION

Heterosexual transmission from males to females is among the
major routes of sexually transmitted infections (STIs) and occurs
mainly through the female reproductive tract (FRT). The FRT is
composed of a wide array of environmental factors, such as a
mucus layer, secreted IgA/IgG, vaginal microbiota, local immune
cells, an epithelium barrier, and soluble factors, such as
antimicrobial peptides, cytokines, and chemokines (1). These
factors all interact with each other to modulate susceptibility to
pathogen invasion. They are affected by hormonal variations,
which are involved in modifying the composition of the vaginal
microbiota and the regulation of innate and adaptive immune
responses within the FRT and peripheral blood (1–4). The
menstrual cycle in women is composed of four phases:
menstruation and the follicular phase (i.e., proliferative phase),
ovulation phase, and luteal phase (i.e., secretory phase). Two main
groups of hormones regulate the menstrual cycle: pituitary
hormones (including follicle stimulating and luteinizing
hormones) and ovarian hormones (including estradiol and
progesterone). Menstrual bleeding is induced by a drop in
progesterone and estradiol concentrations triggered by the
absence of fertilization. It is followed by the proliferative phase,
characterized by an increase in the production of estradiol by
mature follicles in the ovary. The estradiol concentration peaks
one to two days before ovulation. Subsequently, the secretory
phase begins, characterized by increased production of
progesterone (5). Hormone production has been shown to
induce compositional changes in the vaginal microbiota in
women. At puberty, increased levels of estradiol dramatically
alter the vaginal microbiota, at which time it shifts from a
diverse microbiota, rich in anaerobic bacteria, to a Lactobacillus
species (spp.) dominant microbiota (6, 7). Exogeneous hormone
treatments (injectable progestin, combined oral contraceptives…)
also modified bacterial diversity (8–10). In addition, the
composition of the vaginal microbiota has also been shown to
influence local immune responses. Indeed, a Lactobacillus spp.
dominated microbiota (Community state type (CST) I, II, V)
induces low inflammation and a lower susceptibility to STI
acquisition (11, 12). On the contrary, a diverse microbiota
composed of anaerobic bacteria, such as Prevotella, Dialister,
Atopium, Gardnerella, Megasphaera, Peptoniphilus, Sneathia,
and Mobiluncus, with a low abundance of Lactobacillus spp.
org 2
(CST-IV) has been linked to increased local inflammation. This
clinical condition is called bacterial vaginosis (BV). This type of
inflammation is mediated by increased expression of pro-
inflammatory cytokines, such as IL-1, IL-8, IL-12, IL-18, TNFa,
and IFNg and a higher frequency of activated CD4+ T cells and
Th17 cells (13). Very little is known about the relationship
between neutrophils and the vaginal microbiota. Neutrophils are
essential in antimicrobial immunity but a sustained presence of
neutrophils within the vagina may lead to tissue damage and
inflammation, as seen in several STIs (14, 15). More information is
available on the interaction between the gut microbiota and
neutrophils. The gut microbiota is essential for neutrophil
production and priming and, in return, neutrophils are essential
for containment of the microbiota (16–18). Hensley et al. showed
that an altered ratio of Lactobacillus/Prevotella is responsible for
the increased survival of neutrophils in colorectal biopsies of HIV-1-
infected Antiretroviral treatment (ART)-treated patients (19).

Here, we focused on the characterization of FRT inflammation
during the menstrual cycle and the relationship with local changes
in themicrobiota in cynomolgusmacaques used as amodel for the
study of human STI.

The FRT of cynomolgus macaques is similar to that of women
in terms of morphology, the endocrine system, and menstrual
cycle, making them an appropriate study model to analyze the
effect of hormonal variation on immune markers (20–22).
Menstrual cycle length in cynomolgus macaques is between 28
and 32 days (proliferative phase 12-14 days, secretory phase 14-16
days, bleeding 1-8 days) (21, 22). We previously showed that they
have a highly diverse vaginal microbiota, composed mainly of
anaerobic bacteria, such as Sneathia, Porphyromonas, Prevotella,
Fusobacterium, Peptoniphilus, Bacteroides, and Dialister and a few
Lactobacillus spp. This composition is similar to that of women
belonging to CST IV (23). Similar to women, the abundance of
certain bacterial genera within the vaginal microbiota of female
macaques is influenced by hormonal changes (23). These
variations observed in the FRT may influence the level of local
inflammation and subsequently, susceptibility to STIs.

We characterized the modifications of FRT inflammation
during the menstrual cycle in a longitudinal study of nine female
cynomolgus macaques. Inflammation was evaluated by measuring
cytokine/chemokine concentrations and characterizing neutrophil
subpopulations in parallel with determining the composition of the
vaginal microbiota. Studying the interactions between the vaginal
March 2022 | Volume 13 | Article 841723
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microbiota and inflammatory markers during the phases of the
menstrual cycle is essential to understanding the impact of these
factors on susceptibility to STIs and beyond.
2 MATERIALS AND METHODS

2.1 Experimental Design and
Sample Collection
Nine female cynomolgus macaques were studied for three months.
Their age, weight, and haplotype are summarized inTable 1. Sample
collection was performed once a week for 12 weeks, representing
approximately three menstrual cycles. The experimental design is
summarized in Figure 1A. The order of sampling was as follows:
Weck-Cel Spear during bloodwithdrawal, cervicovaginal swabs, and
cervicovaginal cytobrushes. Cervicovaginalfluidswere collectedwith
aWeck-Cel Spear (Medtronic) placed in the vaginal vault for 2 min.
Secretions were recovered from the spears by adding 600 µL elution
buffer (PBS, 0.25 M NaCl, and protease inhibitor mix; Merck
Millipore, Fontenay-sous-Bois, France) and centrifuged at 13,000 x
g for 20 min. Secretions were then aliquoted and stored at -80°C
before cytokine/chemokine quantification. Blood was collected and
used for complete blood counts (CBCs) and the plasma collected,
aliquoted, and stored at -80°C for cytokine and progesterone
quantification. Vaginal samples for microbiota analysis were
collected using nylon flocked swabs with 1mL of liquid amies
(ESwabR1, Copan Diagnostics Inc., Murrieta, CA, USA) inserted
into the vaginal vault and turned 4 to 5 times before storing in liquid
amies. Swabs were then aliquoted and either used for calculation of
the Nugent score or stored frozen at -80°C until DNA extraction.
Room control samples (air swabs) were performed at the last time
point. Cervicovaginal cells were collected using two successive
cytobrushes (VWR; Belgium) inserted into the vaginal cavity and
turned 4 to 5 times. After collection, the cytobrushes were placed in a
15-mL tube containing 5 mL RPMI with 10% fetal calf serum (FCS)
(PAAThe cell culture company, ref A15-102, lot: A10210-2737) and
Frontiers in Immunology | www.frontiersin.org 3
5%penicillin/streptomycin/neomycin (PSN). The sampleswere kept
on ice before processing.

2.2 Progesterone Quantification
The progesterone level was determined in peripheral blood
plasma samples each week by ELISA (IBL international;
Germany) according to the manufacturer’s instructions
(Figure 1B). Progesterone groups were determined as follows:
high progesterone (>1.4 ng/mL), low progesterone (<1.4ng/mL),
and menstruation (bleeding and/or low progesterone level after a
peak of progesterone). We estimated the displacement between
the menstrual cycle of the animals (through progesterone levels)
using the popular methodology for time series alignment: cross-
correlation maximum. Computations were carried out using the
Python package SciPy (24). The optimal lag is derived as the one
that maximizes the cross-correlation, which is a similarity
measure between time-series as a function of the lag.

2.3 Cytokine and Chemokine Quantification
Pro- and anti-inflammatory cytokines, as well as chemokines, were
quantified in cervicovaginal fluids and plasma using a 23plex assay
for the detection of G-CSF, GM-CSF, IFNg, IL-1b, IL-1RA, IL-2,
IL-4, IL-5, IL-6, IL-8, IL-10, IL-12/23(p40), IL-13, IL-15, IL-17A,
CCL2, CCL3, CCL4, sCD40L, TGFa, TNFa, VEGF, and IL-18
(NHP cytokine magnetic bead panel kit; Merck Millipore;
Germany), according to the manufacturer’s instructions.

2.4 Cytospin and Blood Smears
Cytospin was performed at each timepoint on a cervicovaginal
cell suspension. Briefly, between 104 and 105 cells were seeded
and centrifuged at 72 x g for 1 min. Whole blood smears were
also performed for each timepoint. Dry cytospins and whole
blood smears were then fixed with Labofix Q path (VWR
Avantor; Belgium) and May-Grunwald Giemsa staining
performed (RAL diagnostics; France). Slides were observed
using an Eclipse 80i microscope (NIKON). Images were
TABLE 1 | Information on the nine female cynomolgus macaques included in the study.

Animal Date of birth Age (years) Weight (mean kg ± SD) Haplotype

MF1 2011-11-24 8.6 6.62 ± 0.06 H6
H6

MF2 2011-12-27 8.5 4.62 ± 0.08 H5
H3

MF3 2011-12-26 8.5 3.80 ± 0.12 Rec H2H5
Rec H3H1

MF4 2010-11-05 9.6 5.42 ± 0.05 H1
H1

MF5 2010-11-16 9.6 4.05 ± 0.10 H2
H1

MF6 2012-02-05 8.3 3.76 ± 0.14 H1
Rec-H1H5H3

MF7 2012-12-02 7.6 6.49 ± 0.09 H3
H1

MF8 2013-01-19 7.4 5.29 ± 0.12 Rec H6-H11
Rec H2-H6

MF9 2013-02-05 7.4 5.90 ± 0.07 Rec H3-H2
Rec H5-H2
March 2022 | Volume 13 |
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acquired with a 60X objective using a high-definition cooled
color digital camera (DXM1200C; NIKON).
2.5 Neutrophil Phenotyping
Neutrophil populations were analyzed in whole blood and
cervicovaginal cells. Cervicovaginal cells were filtered using a
35 µm filter (Corning Falcon; USA). Then, cervicovaginal cells
and whole blood were incubated with the antibodies listed in
Table 2, washed, and fixed with FACS lysing buffer (BD,
Biosciences) or BD cell Fix solution (BD, Biosciences). A 14-color
panel containing neutrophil maturation and activation surface
markers was used. Phenotyping was performed on a Fortessa
instrument (BD, Biosciences) using DIVA (BD) and FlowJo
(Tristar, USA) software. The gating strategy for cervicovaginal
cytobrushes is described in Supplementary Figure 1.
Frontiers in Immunology | www.frontiersin.org 4
2.6 Nugent Score Determination
Vaginal fluids obtained by swabbingwere spread on a slide and fixed
with heat (50°C) and 100% ethanol before Gram staining (RAL
diagnostics; France). Slides were then observed with a 100X oil
immersion lens using an Axioplan 2 microscope (Zeiss). Gram-
positive rod-shaped bacteria, as well as non-rod-shaped bacteria,
were counted in 10 random fields for each slide. The Nugent score
was determined by adding the score of non-rod- and rod-shaped
bacteria (Table 3). In women, a score from 7 to 10 indicates bacterial
vaginosis, from4 to 6 intermediateflora, and 0 to 3 normalflora (25).
2.7 DNA Extraction and 16S rRNA
Gene Sequencing
DNA from vaginal fluids was extracted using the PowerFecal
DNA Pro isolation kit (Qiagen; Germany) following the
A

B

FIGURE 1 | Experimental design and progesterone level. (A) Nine female cynomolgus macaques were included in the study. Blood, cervicovaginal fluids (Weck-cel®)
and swabs, as well as cervicovaginal cells, were collected once a week for three months. Samples were not collected during weeks 5 and 6. Image created in
BioRender.com. (B) Progesterone concentrations were quantified in plasma once a week for all individuals. The graphical representation of progesterone
concentration including all animals was obtained using interpolated and aligned data (left). On the contrary, the graphical representation of progesterone
concentration for each individual was obtained using the raw data (right). Red arrows represent menstruation.
March 2022 | Volume 13 | Article 841723
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manufacturer’s instructions. DNA was quantified on a Qubit 4
fluorimeter using the high sensitivity DNA kit (Life
Technologies; USA). PCR and sequencing of the V3-V4 region
of the 16S rRNA gene was performed at the @BRIDGe platform
(GABI, INRA, AgroParisTech, Paris-Saclay University). The V3-
V4 hyper-variable regions of the 16S rRNA gene were amplified
from the DNA extracts during the first PCR step using the
universal primers 5’ CTTTCCCTACACGACGCTCTTCCGAT
CTACGGRAGGCAGCAG and 5’ GGAGTTCAGACGTGT
GCTCTTCCGATCTTACCAGGGTATCTAATCCT, which are
fusion primers (26). The PCR reaction was carried out using a
T100 thermal cycler (Biorad, USA) as follows: an initial
denaturation step (94°C 10 min) was followed by 30 cycles of
amplification (94°C for 1 min, 68°C for 1 min, and 72°C for 1
min) and a final elongation step at 72°C for 10 min. Sample
multiplexing was performed by adding tailor-made 6-bp unique
indexes during the second PCR step at the same time as the
second part of the P5/P7 adapters to obtain primers 5’
AATGATACGGCGACCACCGAGATCTACACT-CTTTCCCT
ACACGAC and reverse primer 5’ CAAGCAGAAGACGGCA
TACGAGAT-NNNNNN-GTGACT-GGAGTTCAGACGTGT.
The PCR reaction was carried out using a T100 thermal cycler
with an initial denaturation step (94°C for 10 min), 12 cycles of
amplification (94°C for 1 min, 65°C for 1 min and 72°C for 1 min),
and a final elongation step at 72°C for 10 min. All libraries were
pooled using equal amounts to generate an equivalent number of
raw reads for each library. The pool, at a final concentration of 5 to
20 nM, was used for sequencing. The PhiX Control v3 (Illumina,
Frontiers in Immunology | www.frontiersin.org 5
USA) was added to the pool at 15% of the final concentration, as
described in the Illumina procedure. Then, 600 ml of this pool and
PhiX mixture was loaded onto an Illumina MiSeq cartridge
according to the manufacturer’s instructions using the MiSeq
Reagent Kit v3. FastQ files were generated at the end of the run
(MiSeq Reporter software, Illumina, USA) to perform the quality
control. The quality of the run was checked internally using the
PhiX Control and then each paired-end sequence was assigned to
its sample using the multiplexing index.

2.8 Sequencing Data Processing and
Taxonomic Assignation
Illumina sequences were processed using the FROGS pipeline
(Find Rapidly OTU with Galaxy Solution) (27). Bacterial 16S
rRNA paired-end reads were merged with a 0.1 maximum rate of
mismatch in the overlap region using Vsearch (28). Each of the
samples was from a unique timepoint. Thus, after dereplication,
the clustering step was run with an aggregation distance equal to
1 (maximum number of differences between each of our
sequences) and denoising was not required. Chimeras were
also removed using Vsearch. More than 93% of the total
sequence abundance was retained. Sequences were then filtered
to keep at least 0.0005% of all sequences and the phiX databank
was equally applied to eliminate Illumina contaminants. Finally,
taxonomic affiliation was performed using the SILVA 138 pintail
100 database. Alpha diversity was calculated using the Shannon
diversity index. Beta diversity was calculated using the weighted
UniFrac distance method.
TABLE 3 | Nugent score determination in women.

Score Lactobacillus (number of bacteria/field) Anaerobic bacteria (number of bacteria/field) Mobiluncus (number of bacteria/field)

0 >30 0 0
1 5 to 30 <1 <1 to 4
2 1 to 4 1 to 4 5 to > 30
3 <1 5 to 30
4 0 >30
M

TABLE 2 | Antibodies used to characterize the neutrophil subpopulations.

Antibody Clones Label Vol per test (~106 cells) or concentration Reference Manufacturer

Bluevid BUV736 1X L23105 Lifetechnologies
CD64 10.1 BUV737 3 mL 612776 BD
CD11b REA713 FITC 2 mL 130-110-552 Milteny
CD45 REA599 Viogreen 2 mL 130-177-193 Milteny
CD3 SP34.2 BV650 2 mL 563916 BD
CD8 RPAT8 BV650 2 mL 563821 BD
CD20 2H7 BV650 2 mL 563780 BD
CD123 7G3 BV650 5 mL 563405 BD
CD62L SK11 BV711 2 mL 565040 BD
CD14 REA599 Vioblue 2 mL 130-110-524 Milteny
CD10 HI10a PercP-Cy5,5 5 mL 312216 Biolegend
CDw125 REA705 PE 2.5 mL 130-110-544 Milteny
PD-L1 29E.2A3 PE-Dazzle594 3 mL 329732 Biolegend
CD101 REA954 PE-Vio770 2 mL 130-115-832 Milteny
CD32a IV.3 AF647 0.5 mg/mL 60012 Stemcell
HLA-DR L234 AF700 1 mL 307626 Biolegend
CD66 TET2 APC-Vio770 2 mL 130-119-847 Milteny
arch 2022 | Volume 13
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2.9 Statistical Analysis
Heatmaps representing fold changes of cytokine concentrations
in cervicovaginal fluids or peripheral blood plasma were
obtained using Tableau software (Seattle, USA). Ordinary one-
way ANOVA was used to compare fold changes of cytokine
concentrations to the mean total fold change as a reference.
GraphPad prism software version 9 for windows (GraphPad
Software, La Jolla California USA, (http://www.graphpad.com)
was used for graphical representation of the vaginal microbiota
composition (pie-charts), cytokine concentrations, percentage of
neutrophil subpopulations, and bacterial abundance according
to progesterone level. Significant differences between groups
were confirmed using either a paired T-test or Kruskal-Wallis
test with p values adjusted usingDunn’s test. TheMetagenomeSeq
fitZIG algorithm (29) was used to determine differentially
abundant bacteria according to the menstrual phase. Significant
differentially abundant cytokines, neutrophils, and microbiome
data were merged into one global heatmap using R (version 4.1.0)
with the pheatmappackage (version 1.0.12). Datawere normalized
and the fold change calculatedusing themean value for the variable
in all samples as the reference. A log10 transformation was applied
directly to the fold change tomanage extreme values. Sampleswere
clustered using a hierarchical clustering approach available in the
pheatmap function. Annotation colors were added to visually
assess whether the samples clustered by animal or by
progesterone level. Finally, absent measurements in the data
were flagged as non-determined (ND) and values with an
abundance of zero were colored in grey.
2.10 Ethical Approval
Nine sexually mature adult female cynomolgus macaques
(Macaca fascicularis), aged 7 to 9 years and originating from
Mauritian AAALAC certified breeding centers, were included in
this study. All animals were housed in the Infectious Disease
Models and Innovative Therapies facilities (IDMIT) at the
Commissariat à l’énergie atomique et aux énergies alternatives
(CEA, Fontenay-aux-roses) under BSL-2 containment (Animal
facility authorization #D92-032-02, Préfecture des Hauts de
Seine, France) and in compliance with European Directive
2010/63/EU, French regulations, and the Standards for the
Humane Care and Use of Laboratory Animals of the Office for
Laboratory Animal Welfare (OLAW, assurance number
#A5826-01, US). This study was approved and accredited by
the institutional ethics committee “Comité d’Ethique en
Expérimentation Animale du Commissariat à l’Energie
Atomique et aux Energies Alternatives” (CEtEA #44) under
statement number A18-083. The study was authorized by the
“Research, Innovation and Education Ministry” under
registration number APAFIS#20692-2019051709424034v1. The
nine animals were housed in two different rooms in social groups
of 5/6 animals under controlled conditions of humidity,
temperature, and light (12 h light/dark cycles). The animals
were fed once or twice a day with commercial monkey chow and
fruit. Water was available ad libitum. They were provided with
Frontiers in Immunology | www.frontiersin.org 6
environmental enrichment, including toys and novel food under
the supervision of the CEA Animal Welfare Officer.
3 RESULTS

3.1 Cervicovaginal Cytokines Vary
According to Hormonal Phase
We monitored local and systemic inflammation by measuring
cytokine and chemokine levels in cervicovaginal fluids and
peripheral blood plasma using a multiplex technique.

3.1.1 Peripheral Blood Samples
Cytokines were quantified in the plasma for each female for all
timepoints and the mean fold change calculated based on the
total mean value represented for cytokines relevant to the study
(Figure 2A). The concentration of G-CSF, IFNg, IL-2, IL-8,
IL-10, IL-12/23, CCL2, CCL3, CCL4, sCD40L, TGFa, TNFa,
and VEGF varied among the females (Figure 2A). For example,
monkey MF7 (Macaca fascicularis 7) had a higher plasma
concentration of IL-2 and IFNg than the other females,
whereas MF1 had a higher plasma concentration of G-CSF,
IL-12/23 (p40), and IL-2. The concentration of certain cytokines,
such as G-CSF, IL-8, IL12/23 (p40), CCL2, and sCD40L,
fluctuated according to time (Figure 2B). The samples were
then divided into three groups based on progesterone level and
clinical observations (high or low progesterone level and
menstruation) to further analyze whether the variations were
due to the hormonal cycle. There were no significant changes in
cytokine concentrations in the plasma due to the hormonal cycle
(Supplementary Figure 2).

3.1.2 Cervicovaginal Fluids
In parallel to peripheral blood plasma, we studied local
inflammation in the cervicovaginal fluids. The 23 cytokines were
detected in the vaginal fluids of all nine females at varying
concentrations. However, only cytokines relevant to this study
were displayed on the heatmap representing themean fold change
in expression relative to the total mean value of each cytokine
(Figure3A).MF3expressed a higher level ofTNFa andCCL4 than
the other females (Figure 3A). The heatmap representing the
kinetics of cytokine levels in all animals showed a change in
cytokine concentrations with time (Figure 3B). Interestingly,
there was increased production of several cytokines around or
during menstruation. All the samples were divided into three
groups based on the phase of the menstrual cycle (high or low
progesterone level andmenstruation) to confirm the impact of the
menstrual cycle on cytokine concentration (Figure 3C). The
analysis showed the concentration of 12 of 23 cytokines/
chemokines (CCL2, G-CSF, TNFa, GM-CSF, IFNg, VEGF, IL-
10, IL-12/23, IL-2, TGFa, IL-6, and sCD40L) to be higher in
cervicovaginal fluids during menstruation than during the high-
progesterone phase. The concentration of CCL4 and IL-8 was
higher during menstruation than during the low-progesterone
phase. There were also differences between the low- and
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high-progesterone groups. IndeedG-CSF and IL-2 concentrations
were higher in the low-progesterone than high-progesterone
group and the opposite was observed for IL-8.

We compared the cytokine concentrations between the blood
and cervicovaginal fluids to investigate their similarities and
differences. The mean production of several cytokines (IL-1b,
IL-1RA, IL-5, IL-6, IL-8, IL-15, IL-18, TGFa, and TNFa), growth
factors (GM-CSF, G-CSF), and chemokines (CCL2, CCL3) was
higher in the cervicovaginal fluids than peripheral blood plasma
for all animals. Only CCL4 was higher in the peripheral blood
plasma than cervicovaginal fluids (Supplementary Figure 3).
Thus, each compartment showed distinct cytokine profiles.

Overall, these results show that the hormonal cycle
significantly affects cytokine profiles in cervicovaginal fluids but
not the peripheral blood plasma of female cynomolgus macaques.
3.2 Neutrophil Subpopulations in
Cervicovaginal Cytobrushes Are Strongly
Affected by the Hormonal Phase
We collected vaginal cytobrushes and whole blood and stained
the cells with specific cell-surface antibodies before flow
cytometry analysis to study the presence and evolution of
neutrophil subpopulations in the blood and cervicovaginal
Frontiers in Immunology | www.frontiersin.org 7
compartments during the menstrual cycle. Neutrophils were
identified as CD45 positive Lineage negative (CD3, CD8,
CD20, CD123, CD14, CDw125) and CD66abce positive. CD10
and CD101 were used to determine maturity. CD62L shedding
and increased CD11b expression were assessed to determine the
priming status of blood neutrophils (30). The panel was
completed with CD32a, CD64, PD-L1, and HLA-DR to study
activation of the neutrophils in the two compartments.

We first analyzed neutrophil populations in the two
compartments independently of their variation with time. The
percentage of neutrophils among CD45+ cells (Mean ± SD) was
quite similar between vaginal cytobrushes (77.8% ± 8.28) and blood
(68.3% ± 5.08) in all animals (Figure 4A). A punch of vaginal tissue
near the cervix was collected and frozen to study the localization of
neutrophils within the mucosa. Immunohistochemistry staining
was performed using an anti-calprotectin antibody to visualize the
neutrophils (Supplementary Figure 4), showing the presence of
neutrophils underneath the epithelium. This suggests that a portion
of the neutrophils collected in cervicovaginal cytobrushes originated
from the tissue itself and that another may have come from the
lumen. We performed blood smears and cytospins with the cells
collected with the cervicovaginal cytobrushes each week to study the
morphology of the neutrophils. As seen on an example of a
representative individual, most of the neutrophils in the
A

B

FIGURE 2 | Cytokine and chemokine expression in the plasma of female cynomolgus macaques (n = 9). (A) Heatmap representing the mean fold change in the
expression of cytokines and chemokines in the plasma of each animal (n = 9). The fold change was calculated based on the mean expression of each cytokine/
chemokine for all females and time points. One way ANOVA was performed to compare the total fold change value to those of each animal for each cytokine.
Asterisks indicate p values considered to be statistically significant (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). (B) Heat map representing the mean fold
change in the expression of cytokines and chemokines in the plasma for all animals according to time (n = 9). The fold change was calculated based on the mean
expression of each cytokine/chemokine in each female. Numbers 1 to 14 refers to weeks. Red arrows represent menstruation.
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FIGURE 3 | Cytokine and chemokine expression in cervicovaginal fluids of female cynomolgus macaques (n = 9). (A) Heatmap representing the mean fold change in
the expression of cytokines and chemokines in the cervicovaginal fluids of each animal (n = 9). The fold change was calculated based on the mean expression of
each cytokine/chemokine for all females. One way ANOVA was performed to compare the total fold change value to those of each animal for each cytokine. (B) Heat
map representing the mean fold change in the expression of cytokines and chemokines in the cervicovaginal fluids of all animals (n = 9). The fold change was calculated
based on the mean expression of each cytokine/chemokine for each female. Numbers 1 to 14 refers to weeks. Red arrows represent menstruation (C) Samples clustered
into three groups based on the progesterone level or menstruation and each cytokine/chemokine concentration was plotted. A Kruskal-Wallis test with Dunn’s test to
adjust the p value was performed. Asterisks indicate p values considered to be statistically significant (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).
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FIGURE 4 | Neutrophil subpopulations in cervicovaginal cytobrushes and blood of female cynomolgus macaques (n = 9). (A) Percentage of neutrophils among
CD45+ cells in cervicovaginal cytobrushes and blood for all animals. One dot represents one sample of one animal. Blood samples are shown in red and
cervicovaginal samples in blue. (B) Percentage of neutrophil subpopulations among CD66+ Lin- CD14- CDw125- in blood (left) and cervicovaginal cytobrushes (right)
for all females. Each animal is represented by one symbol. (C) Percentage of CD62L+, HLA-DR+, and PD-L1+ surface expression for all neutrophil subpopulations in
blood (left) and for the main neutrophil subpopulations in cervicovaginal cytobrushes (right).
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cervicovaginal cytobrushes were actively involved in phagocytosis,
in contrast to whole blood neutrophils (Supplementary Figures 5A,
B). We observed distinct populations in both compartments.
Four populations were observed in the blood (Table 4): (A)
CD11b+ CD101+ CD32ahigh, (B) CD11bhigh CD101– CD32ahigh,
(C) CD11b+ CD101+ CD32amid, and (D) CD11bmid CD101–

CD32amid (Figure 4B, left). Population A represented
97.54% ± 0.60 (mean from 96.7% to 98.7%) of the CD45+ CD66+

LinCD3/CD20/CD8a/CDw125/CD14- cells. The three other
populations were only weakly present in the blood, with 0.71% ±
0.34 (mean from 0.2% to 1.3%) for population B, 0.35% ± 0.19 for
population C (mean from 0.1% to 0.7%), and 0.14% ± 0.08 for
population D (mean from 0.06% to 0.3%). No expression of CD10
was observed in population C or D. By contrast, population A
(CD11b+ CD101+ CD32ahigh) expressed a low level of CD10 (mean
from 12.5% to 50%), suggesting that a portion of this population
was mature (Figure 4C left).

In the blood (Figure 4C left), the percentage of cells expressing
CD62L varied among the subsets, with 99.3% ± 0.40 (mean from
98.7% to 99.7%) for population A, 71.4% ± 7.14 (mean from 56.1%
to 81.7%) for population B, 31.8% ± 13.08 (mean from 17.4% to
57.6%) for population C, and 6.9% ± 4.51 (mean from 2.2% to
13.4%) for population D. We observed a large variation of PD-L1
expression in each population, indeed 23.8% ± 33.41 (mean from
1.8% to 82.2%) for population A, 25.2% ± 12.25 (mean from 4.5% to
42.9%) for population B, 10.8% ± 9.86 (mean from 2.3% to 26.3%)
for population C, and 14.5% ± 13.05 (mean from 2.5% to 42.7%) for
population D. Expression of HLA-DR and CD64 was low on
neutrophils from both the blood and the cervicovaginal
cytobrushes at all timepoints. (Figure 4C left, Data not shown
for CD64).

In conclusion, there was one major population in the blood,
characterized as CD11b+ CD101+ CD32ahigh. This population
showed variable expression of CD10, suggesting the presence of
both mature and immature subsets. In addition, there was high
expression of CD62L and variable expression of PD-L1 in this
population. Both mature and immature neutrophils expressed
the CD62L marker, which decreases upon priming or tissue
migration (30–32). Concerning the immunosuppressive marker
PD-L1, its increased expression on blood neutrophils has been
detected in patients with sepsis and shown to be associated with
Frontiers in Immunology | www.frontiersin.org 10
reduced phagocytosis and cytokine production (33). We were
unable to associate variations in PD-L1 expression with the
menstrual cycle or the production of a specific cytokine due to
high variability between individuals and timepoints.

Based on the expression of CD11b, CD101, CD10 and CD32,
eight populations were determined in cervicovaginal cytobrushes
(Table 5). However, three main subsets were distinguished:
CD11bhigh CD101+ CD10+ CD32a+ (mean from 18.3% to
67.1%; population 8), CD11bhigh CD101+ CD10- CD32a+

(mean from 6.5% to 26.4%; population 6) and CD11blow

CD101low CD10- CD32- (mean from 4% to 38%; population 7)
(Figure 4B right). Based on the expression of CD10, CD101, and
CD32a, population 8 can be assigned as a mature/activated
subset of neutrophils. The mean CD62L expression in these
populations was low in cervicovaginal cytobrushes, with only 17% ±
10.77 (mean from 3.1% to 33.9%) for population 8, 6.48% ± 3.18
(mean from 2.5% to 11.3%) for population 6, and 14.49% ± 4.17
(mean from 7.2% to 19.4%) for population 7. PD-L1 expression was
the highest in population 7 (mean from 19.5% to 46.5%), followed
by population 8 (mean from 14.2% to 27.1%) and population 6
(mean from 9.6% to 25.6%) (Figure 4C right).

We further studied the kinetics of the main neutrophil
populations in the blood and cervicovaginal cytobrushes. The
main neutrophil subset in the blood remained stable. However,
the percentage of cervicovaginal neutrophil subpopulations
fluctuated over time (Figure 5A).

We then classified the neutrophil subpopulations in the
peripheral blood and cervicovaginal cytobrushes into three
groups based on progesterone level and menstruation. The
total neutrophil count in peripheral blood was lower during
menstruation than the high-progesterone phase. Only the
CD11bmid CD101- CD32amid population varied with
progesterone level, peaking during menstruation (Figure 5B).
On the contrary, we observed greater variation for cervicovaginal
neutrophils. Populations 3, 4, and 7 were less abundant during
menstruation than during the high-progesterone phase, whereas
the abundance of population 8 was significantly higher during
menstruation. Moreover, the abundance of populations 4, 6, and
7 were lower in the low-progesterone group than the high-
progesterone group, whereas that of population 8 was higher
in the low-progesterone than high-progesterone group. Thus,
TABLE 5 | Neutrophil subpopulations characterized in cervicovaginal cytobrushes.

CD11b high CD101+ CD11b low CD101 low

CD10+ CD10- CD10+ CD10-

CD32a+ CD32- CD32a+ CD32- CD32a+ CD32- CD32a+ CD32-

Population_ 8 Population_ 5 Population_ 6 Population_ 4 Population_ 2 Population_ 1 Population_ 3 Population_ 7
March
 2022 | Volume 13 |
TABLE 4 | Neutrophil subpopulations characterized in peripheral blood.

CD11b+ CD101+ CD11b+ CD101+ CD11bhigh CD101- CD11bmid CD101-

CD32ahigh CD32amid CD32ahigh CD32amid

Population_A Population_C Population_B Population_D
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FIGURE 5 | Variation of neutrophil subpopulations in cervicovaginal cytobrushes and blood during the menstrual cycle. (A) Main neutrophil subpopulations among
CD66+ Lin- cells in both compartments according to the time of collection for all animals (mean of all animals, left) or for each animal (right). Blood (B) and
cervicovaginal cytobrush (C) samples were clustered into three groups based on progesterone levels or menstruation and the percentage of each neutrophil subpopulation
was plotted. A Kruskal-Wallis test followed by Dunn’s test to adjust the p value was performed. Asterisks indicate p values considered to be statistically significant (*p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). Only significant results are presented for (B) blood and (C) cervicovaginal cytobrushes.
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these findings show an increase in neutrophil CD10 expression
during menstruation and higher neutrophil CD32a expression
during the proliferative than secretory phase. Other markers
were also differentially expressed in neutrophils during the
menstrual cycle: population 7 expressed lower levels of PD-L1
during menstruation and interestingly, population 8 expressed
higher levels of CD62L during menstruation than during the
high- and low-progesterone phases (Figure 5C).

Overall, these results highlight the presence of neutrophil
subpopulations in the cervicovaginal compartment that are
affected by the menstrual cycle in cynomolgus macaques.
Menstruation induces the accumulation of mature/activated
neutrophils that come from the blood based on their high
expression of CD62L, which is usually lower in the tissue (32).

3.3 The Composition of the Vaginal
Microbiota Varies by Hormonal Phase
We have shown that inflammation, translated into
cervicovaginal cytokine concentrations and neutrophil
subpopulations, varies according to the menstrual cycle. As the
vaginal microbiota is involved in the regulation of local
inflammation, we characterized the composition of the
microbiota in parallel to evaluate its variation during the
menstrual cycle.

The composition of the microbiota in each animal was studied
using two different approaches: Nugent scoring and V3-V4 16S
rRNA sequencing. First, the Nugent score was determined for each
female at each timepoint to assess whether the female macaques
had a diverse or Lactobacillus spp dominant vaginal microbiota.
There was very little variation in the Nugent score betweenmost of
the females. Indeed, seven had a Nugent score of 7 or 8, depending
on the timepoint (Supplementary Figure 6). On the contrary, two
females (MF6 and MF8) had a variable Nugent score, ranging
from 5 to 8. These two females had more Gram-positive bacilli
shaped bacteria, which are generally associated with Lactobacillus
spp. All females showed a diverse vaginal microbiota poor in
Lactobacillus spp. for most of the timepoints. We then sequenced
the V3-V4 region of the 16S rRNA of samples in the study to
better characterize the composition of the vaginal microbiota.

We first identified bacteria present in the vaginal microbiota of
each animal. Eightphylawereobserved.More than99%of bacteria in
the vaginal microbiota came from five phyla (total mean abundance
from highest to lowest): Firmicutes (29.7% to 64.4%), Bacteriodota
(14.7% to 34.9%), Fusobacteriota (1.1% to 39.6%), Actinobacteriota
(3.9% to 40.9%), and Campilobacterota (0.24% to 7.3%). The other
three phyla (Desulfobacterota, Proteobacteria and Spirochaetota)
represented less than 1% of the total abundance (Figure 6A and
Supplementary Figure 7A). Two females, MF7 and MF8, had a
different microbiota composition observed at all taxonomic levels
relative to the others (Figure 6). Nine predominant families were
observed in all females: Leptotrichiaceae, Prevotellaceae,
Porphyromonadaceae, Fusobacteriaceae, Bifidobacteriaceae,
Streptococcaceae, a family from the order Peptostreptococcales-
Tissierellales, Peptostreptococcaceae, and Actinomycetaceae
(Figure 6B). Nine predominant genera were found in all females,
showing variable abundance (mean ± SD) between them: Sneathia
Frontiers in Immunology | www.frontiersin.org 12
(13.6% ± 0.12), Prevotella (12% ± 0.12), Porphyromonas (8.6% ±
0.07), Fusobacterium (7.8% ± 0.06), Streptococcus (7.2% ± 0.11),
Bifidobacterium (7% ± 0.13), Peptoniphilus (5.9% ± 0.05),
Peptostreptococcus (4.4% ± 0.04), and Parvimonas (4.3% ± 0.03),
whereas the mean abundance of the other genera represented 29%
(Figure 6C and Supplementary Figure 7B). Lactobacillus spp. were
observed in all females but at very low abundance, with MF8
expressing the highest abundance (20.5% ± 0.15) (Supplementary
Figure 7B). MF8 also had more Actinobacteriota (40.87% ± 0.19),
related to a higher abundance ofBifidobacterium (37.15%±0.18). As
for MF7, it had more Firmicutes (64.38% ± 0.044), translating into a
high abundance of Streptococcus (35.22% ± 0.12). Moreover, this
female also had a very low abundance of Sneathia (0.043% ± 0.00)
(Supplementary Figure 7 and Figures 6A, C).

We represented the top nine genera or families for all or each
animal according to the hormonal phase to identify changes in
bacterial abundance (Figure 7 and Supplementary Figure 8).
Bacterial abundance and composition varied according to the
hormonal group for all animals. We assessed whether bacterial
diversity was affected by the hormonal phase by calculating the
Shannon diversity index according to the high- or low-
progesterone or menstruation timepoints. We observed higher
bacterial diversity (p value: 0.0065) during menstruation than
during the high-progesterone phase (Figure 8A). We then
performed a statistical analysis of the relative abundance of all
families and genera adapted to the high throughput sequencing
data for all animals to identify bacterial families and genera that
were differentially abundant between progesterone groups
(Figures 8B, C). This differential analysis identified 14 families
that were differentially abundant according to the hormonal
group (Figure 8B). We generated abundance bar plots to
identify increases or decreases based on hormonal group
(Supplementary Figure 9). The relative abundance of nine
families (Christensellaceae, Clostridiaceae, Corynebacteriaceae,
Desulfovibrionaceae, Lachnospiraceae, Oscillospiraceae,
Paludibacteraceae, Ruminococcacea, and Streptococcaceae) was
lower and one (Erysipelotrichaceae) higher in the high-
progesterone than low-progesterone group. Six taxa
(Enterobacteriaceae, Lachnospiraceae, Oscillospiracea,
Succinivibrionaceae, Sutterellaceae, and Tannerellaceae) were
less abundant in the high-progesterone than menstruation
group. Finally, Erysipelotrichaceae was more abundant in the
low-progesterone than menstruation group (Figure 8B).

Eight genera (Arcanobacterium, Corynebacterium, Finegoldia,
Howardella, Mogibacterium, Solobacterium, Streptococcus, and
Sutterella) were differentially abundant depending on the
hormonal phase (Figure 8C and Supplementary Figure 10).
Five genera (Howardella, Solobacterium, Streptococcus, Sutterella,
and Corynebacterium) are part of the families Lachnospiraceae,
Erysipelotrichaceae, Streptococcacea, Sutterellacea , and
Corynebacteriaceae were observed to be differentially abundant
according to hormonal group.

In conclusion, the results obtained show that the composition
of the vaginal microbiota strongly fluctuated according to
hormonal phase in all individuals. The main observations
include an enrichment of specific bacterial families/genera at
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FIGURE 6 | Kinetics of the vaginal microbiota composition of female cynomolgus macaques (n = 9). Relative abundance of bacterial taxa at the phylum level (A) in
each animal according to time. Relative abundance of the nine most represented genera (B) or families (C) for all females at all time points and each female
according to time. The other families and genera are shown in black (other).
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FIGURE 7 | Variation of bacterial taxa during each phase of the menstrual cycle. Percentage of the mean relative abundance of the nine most represented genera in
the high-progesterone, low-progesterone, and menstruation groups is represented in a pie chart for each female. Other genera are shown in grey (other).
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the low-progesterone and menstruation phases relative to the
high-progesterone phase.

3.4 Menstruation Induces Higher
Local Inflammation
We wished to obtain a global overview of the association between
cytokine expression, neutrophil phenotype and activation, and
bacterial abundance in the vagina according to the phase of the
menstrual cycle. We thus generated a heatmap supplemented by
hierarchical clustering that recapitulated all the variables. This
Frontiers in Immunology | www.frontiersin.org 15
heatmap represents the log10 fold change in cytokine levels,
neutrophil populations, and abundance of bacterial taxa at the
family level that varied between hormonal phases (Figure 9). The
hierarchical clustering separated the samples into two large
groups (A, B), subdivided into four subgroups (A1, A2, B1,
and B2) (Figure 9).

The first large group (B) showed low expression of neutrophil
subpopulations 3, 4, and 7 and high expression of
Steptococcaceae in both subgroups. Higher expression of
cytokines, such as G-CSF, TNFa, TGFa, IL-6, and sCD40L, as
A B

C

FIGURE 8 | Vaginal microbiota diversity and differentially abundant bacterial taxa in each phase of the menstrual cycle. (A) The Shannon index was calculated for
each female for the high-progesterone and low-progesterone phases and during menstruation and plotted together. A Kruskal-Wallis test followed by Dunn’s test to
adjust the p value was performed (**p ≤ 0.01). Analyses were performed using the FitZIG algorithm at the family (B) or genus (C) level. Heatmaps representing the p
values were generated and plus and minus signs were added to visualize increases or decreases in the abundance of each bacterial taxa. The sign is associated
with the group in bold text. As an example: the abundance of Christensenellaceae was higher during the high-progesterone phase than the low-progesterone phase.
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well as a higher presence of neutrophil subpopulation 8
expressing CD62L and Lachnospiraceae, was observed in
subgroup B2 than in subgroup B1. A lower abundance of the
family Corynebacteriaceae was also identified in subgroup B2
than in subgroup B1. Subgroup B2 was mainly composed of
samples obtained during menstruation (≃48%), followed by low-
progesterone (≃27%) and then high-progesterone (≃24%)
samples. By contrast, subgroup B1 was dominated by samples
obtained during the low-progesterone phase (≃75%), followed
by menstruation (≃15%) and high-progesterone (≃10%)
samples. Two animals, MF7 (11/12 samples) and MF3 (8/12
samples), were highly represented in group B. In the second
group (A), there was lower expression of cytokines and a higher
presence of neutrophils than in group B. Overall, we observed
that menstruation is associated with an increase in the
concentration of cytokines and the accumulation of a specific
neutrophil population, characterized as mature (CD101+ CD10+)
and activated (CD32a+), that may have originated from the
blood (CD62L+).

Samples clustered in subgroup A2 showed a small increase in
cytokine levels (TGFa and VEGF) and neutrophil subpopulations
(3, 4, 5, 6, 7 expressing PD-L1, 7, and 8). However, we observed a
decrease in population 8 expressing CD62L relative to subgroup A1,
suggesting a lower presence of mature/activated neutrophils
originating from the blood. Subgroup A1 showed the low
presence of neutrophil subpopulations, such as population 8, and
a higher presence of population 7 and higher CD62L expression by
population 8, which could be associated with an increased presence
of mature neutrophils originating from the blood and weakly
activated neutrophils (population 7). Moreover, the abundance of
Frontiers in Immunology | www.frontiersin.org 16
the family Streptococcaceae was lower in subgroup A1 than A2.
Subgroup A2 was mainly composed of samples collected at the low-
progesterone phase (≃54%), followed by high-progesterone (≃44%)
and menstruation samples (≃0.2%). In subgroup A1, 75% of the
samples were obtained during the high-progesterone phase,
followed by low-progesterone and menstruation samples (≃12.5%
each). Subgroup A1 was dominated by the samples of one animal,
MF8. Indeed, 10 of the 12 samples of MF8 were observed in group
A, in which seven were included in subgroup A1, suggesting a
strong similarity among the MF8 samples. Concerning MF6, its
samples weremainly affiliated with subgroup A2 (9/12 samples) and
7 of 12 were part of a smaller group.

In conclusion, samples collected during menstruation clustered
together and were associated with increased inflammation (high
cytokine/chemokine production and the accumulation of mature/
activated neutrophils that originated from the blood). Moreover,
samples retrieve during the high- or low-progesterone phases were
distributed throughout all subgroups. Finally, samples of four
animals (MF7, MF3, MF8, and MF6) were observed to be highly
consistent among them. Samples from two females (MF7, MF3)
expressed more cytokines, whereas the other two showed lower
cytokine expression (MF8, MF6) but were different in terms of
neutrophil subpopulations.
4 DISCUSSION

Innate and adaptive immune responses have been described to
differ between females and males in animal models and humans,
suggesting a strong need to study more female cohorts (34). For
A B

FIGURE 9 | Heatmap representing bacterial taxa (family level), neutrophil subpopulations, and cytokine/chemokine levels that varied during the hormonal cycle. The
heatmap represents the log10 fold change for each parameter (cytokines, neutrophil subpopulations, bacterial taxa, indicated on the right). Increased values are
shown in red and decreased in blue. Each animal is represented by a color code, as well as the hormonal phases (high progesterone in green, low progesterone in
orange, menstruation in red). Hierarchical clustering divided the samples (sample ID in the X-axis) into two large clusters (A, B). Each cluster was then separated into
subclusters (A1, A2 and B1, B2).
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example, women infected with HIV-1 exhibit lower plasma viral
loads but have a 1.6-fold higher risk for faster progression to the
Acquired Immunodeficiency Syndrome (AIDS) (35).
Furthermore, vaccine responses are different according to sex;
women have higher antibody responses and more local and
systemic reactions to bacterial and viral vaccines than men (36,
37). The effect of hormones on immune cell recruitment,
activation, and soluble factor concentrations in peripheral
blood and cervicovaginal lavages of the FRT has been partially
studied at each menstrual phase in women. However, there are
technical disparities among the studies, such as the absence of
hormone measurements and non-longitudinal analysis.

In this study on female cynomolgus macaques, we
investigated variations in the vaginal microbiota, cytokine
expression, and neutrophil subpopulations in the vagina and
blood in a longitudinal study covering three complete menstrual
cycles. We show that cervicovaginal environmental factors, such
as cytokine and chemokine concentrations, neutrophil
populations, and microbiota vary during the menstrual cycle.
We highlight that menstruation induces significant alteration of
the environment by increasing local inflammation, with an
increase of cytokine/chemokine production (GM-CSF, G-CSF,
IFNg, IL-6, CCL2, sCD40L, TGFa, TNFa, VEGF…) and the
accumulation of CD11b+ CD101+ CD32a+ CD62L+ neutrophils
that may originate in the blood. Menstruations lead to an injured
endometrium by inducing the shedding of the upper functional
layer of the endometrium. The menstruating endometrium
triggers an inflammatory response that is necessary for a rapid
tissue repair (38). Therefore, the inflammation, associated with
an increased production of cytokines such as CCL2, G-CSF, GM-
CSF or IL-6, is able to trigger neutrophils recruitment, which
might facilitate tissue repair after menstruation.

At steady state, we show that cytokine concentrations are low
in the peripheral blood relative to their expression in
cervicovaginal fluids. Analysis of culture supernatants of cells
isolated from the human FRT and peripheral blood mononuclear
cells (PBMCs) show similar differences in terms of cytokine and
chemokine expression between the systemic and local
compartments (39). Our findings show variability in terms of
cytokine production in both compartments according to the
animal and the time of the measurement. Nevertheless, only
cervicovaginal cytokine production was influenced by the
hormonal phase, characterized by a significant increase in
cytokine and chemokine concentrations during menstruation.
A comparison of cytokine concentrations between menstrual
and peripheral blood of women showed differences similar to our
results in macaques (40). Several human cohort-based studies
have reported variations in cytokine and chemokine levels
according to the hormonal cycle in cervicovaginal fluids, but
the results were inconsistent and none of the studies collected
samples during menstruation (41–43).

Together with the cytokine profiles, we characterized
neutrophil subpopulations in the blood and cervicovaginal
cytobrushes in female cynomolgus macaques at different time
points. The study of Lemaıt̂re et al. showed neutrophils in the
blood of cynomolgus macaques to be CD45+ CD66+ Lin(CD3/
Frontiers in Immunology | www.frontiersin.org 17
CD20/CD8a/CDw125/CD14-) and used CD11b/CD32a
expression to determine the maturation stage (44). In our
study, we added CD10 and CD101 to confirm the maturation
status of neutrophils. In female cynomolgus macaques, the
percentage of neutrophils among CD45+ cells was similar
between the peripheral blood and cervicovaginal cytobrushes.
Throughout the study, peripheral blood neutrophils had either
an immature or mature phenotypes. In contrast, in
cervicovaginal cytobrushes, the expression of various markers
of neutrophils differed from the one in blood. Indeed, three main
populations of cervicovaginal neutrophils were observed, which
can be identified, based on the characterization of neutrophils in
the blood, as mature/activated (population 8), immature/
activated (population 6) and pre-neutrophil like (population
7). Population 7 has a phenotype of pre-neutrophils, a
population usually found specifically in the bone marrow (45).
May-Grunwald Giemsa staining of neutrophils from the
cervicovaginal cytobrushes showed them to be mainly poly-
nuclear and no pre-neutrophils, with a round nucleus, were
observed (Supplementary Figure 3). The abundance of the main
neutrophil populations in cervicovaginal cytobrushes varied
according to the hormonal phase. This was not the case for
blood neutrophils. More precisely, the abundance of the mature/
activated subset expressing CD62L in the cervicovaginal
compartment increased during menstruation. This could be
due to infiltration of the FRT by mature/activated blood
neutrophils because CD62L expression on neutrophils
decreases after transmigration into the tissue (31). Moreover,
an increase in the concentration of CCL2, G-CSF, GM-CSF, and
IL-6 was previously reported to be associated with local
neutrophil recruitment upon infection (46–49). Overall,
distinct subsets of neutrophils were identified in the blood and
in the cervicovaginal compartment. The abundance of the
main subset of neutrophils in the cervicovaginal compartment
varied according to the hormonal phase in contrast to
blood neutrophils.

Neutrophil populations in human blood have been extensively
described and characterized as CD15+ CD66b+ CD49dmid CD101+

CD10+ CD16+ CD62L+ (45). Moreover, they increase during the
secretory phase (high progesterone concentration), as we observed
in cynomolgus macaques (50). Thus far, neutrophils have been
studied in the human endometrium and were shown to increase
early during themenstrual cycle, leading the authors to hypothesize
that such an increase is necessary for tissue repair after
menstruation (51). We can assume that the same phenomenon
occurs in cynomolgusmacaque. Our study is the first to analyze the
evolution of innate immune markers, including cervicovaginal
neutrophils and cytokine profiles, together with the composition
of the vaginal microbiota, according to the phases of the
menstrual cycle.

The vaginal microbiota has been described to be closely involved
in local immune regulation (13). We thus longitudinally monitored
the composition of the vaginal microbiota in parallel with immune
marker analysis.We show a predominance of four phyla: Firmicutes,
Bacteroidota, Fusobacteriota, and Actinobacteriota. The
predominant genera were Sneathia, Prevotella, Porphyromonas,
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Fusobacterium, Streptococcus, Bifidobacterium, Peptoniphilus,
Peptostreptococcus, and Parvimonas, in accordance with our
previously published study on the characterization of the vaginal
and rectalmicrobiota offemale cynomolgusmacaques (23).Weshow
that the composition of the vaginalmicrobiota is subject to hormonal
changes. In our previously published study, we did not consider
menstruation. Here, we describe that the diversity of the vaginal
microbiota increases during menstruation. Increased bacterial
diversity during menstruation has also been observed in women,
demonstrated by a trend towards the increased abundance of several
bacterial taxa, including Finegoldia, Streptococcus, and
Peptostreptococcus (2, 52). The abundance of none of these genera
significantly increased during menstruation in cynomolgus
macaques. These differences could be because most of samples in
the study of Song et al. came from women with a Lactobacillus spp.
dominant microbiota, whereas macaques have a diverse vaginal
microbiota similar to dysbiosis in women. During menstruation,
six families of bacteria are increased in cynomolgus macaques,
including Lachnospiraceae and Succinivibrionaceae. The
modification of the environment associated with the presence of
menstrualbloodmightbe responsible for those changes.For instance,
iron increase might facilitate the presence of other bacterial families.
In fact, in women, iron increase during menstruation is associated
with the growth of G. vaginalis, a BV associated bacteria (53).

Finally, we analyzed the relationships between immune factors
and bacterial taxa that showed differential abundance according to
the hormonal phase. The analysis resulted in the clear clustering of
samples collected during menstruation. Such clustering suggests
increased inflammation (i.e., an increase in cytokine production
and mature/activated neutrophils) during menstruation that is not
observed during the other hormonal phases. On the contrary, high-
progesterone (secretory phase) and low-progesterone (proliferative
phase) samplesmostly exhibited lower cytokine expression (mainly
CCL2, CCL4, IL-6, and sCD40L) and a higher number of less
mature and activated neutrophil populations than during
menstruation. There were few differences between samples
collected during the high- and low-progesterone phases. The
analysis also showed animal-specific clusters for four females,
whereas the others had a more variable distribution. This
observation demonstrates not only strong variability between
animals but also within each animal, confirming a specific
individual mucosal environment. This is likely why we were
unable to associate a group of bacteria or a specific genus to a
cytokine profile and/or a neutrophil phenotype. Modification of
the vaginal microbiota composition by antibiotic treatment
and/or probiotic inoculation could be helpful for this purpose.
The determination of such associations would be useful for the
development of therapeutic approaches aiming to modify the
vaginal microbiota to reduce local inflammation.

In terms of cytokine profiles and neutrophil subpopulations,
both the peripheral blood and cervicovaginal compartments
were significantly different, highlighting that the blood
compartment does not recapitulate what happens in the
mucosal compartment. It is thus necessary to investigate the
mucosal compartment and not only the systemic one. Our study
was performed at steady state, but infection or vaccination could
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exacerbate the differences between compartments. Moreover, our
results suggest that immune markers and the vaginal microbiota
fluctuate within the FRT at the basal state. Such fluctuations are
mainly due to the hormonal cycle and must be considered when
studying STI infections or mucosal vaccine responses in the
mucosa. Indeed, an increase in cytokine expression could be
believed to be associated with a vaccine response or immune
response against a pathogen, whereas it may, in fact, be due to a
physiological change, for example, during menstruation. The
impact of hormones has been described in the acquisition of
STIs. Indeed, estradiol has been shown to have a positive effect
on the mucosal environment by increasing the thickness of the
vaginal epithelium and favoring the growth of Lactobacillus (2,
7). On the contrary, injectable progestin such as depot
medroxyprogesterone acetate (DMPA or MPA) favors an
increased bacterial diversity and a decreased of Lactobacillus
spp likely through a reduction of endogenous estrogen, glycogen
and a amylase (8, 10). In addition, progesterone reduces the
thickness of the vaginal epithelium in rhesus macaques and
increases the incidence of the Simian Immunodeficiency Virus
(SIV) (54). These findings highlight the need for extensive
characterization of the hormonal impact on the mucosa of the
FRT by an appropriate sampling schedule, including several time
points. Our data highlight the importance of longitudinal studies
for the analysis of immune markers and/or the composition of
the vaginal microbiota in humans and animal models. The
sampling has to be repeated to account for potential hormonal
cycle effects. Otherwise, the results obtained may be biased.

This longitudinal study provides insights into how the phases of
themenstrual cycle affect the compositionof the vaginalmicrobiota,
as well as that of immune markers, such as cytokine profiles and
neutrophil subpopulations. It consequently highlights the
difficulties associated with studying the local environment in the
FRT and the need for more women-based cohort studies with an
appropriate sampling schedule. This complex hormonal regulation
needs to be further addressed by including other factors involved in
mucosal immunity, such as IgA/IgG quantification and that of
immune cells, which have been described to vary in the human
endometrium according to the hormonal phase (T and B
lymphocytes, Natural Killer and myeloid cells) (55). Further
studies should quantify other hormones such as estradiol or FSH
in addition to progesterone to better evaluate the hormonal cycle. A
better understanding of howhormones regulate themicrobiota and
immune factors within the FRT is essential to better characterize
their impact on the control of acquisition of STIs and mucosal
vaccine responses.
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Supplementary Figure 1 | FACS gating stategy for neutrophil phenotyping in
blood samples (A) and cervicovaginal cytobrushes (B) of one representative animal.

Supplementary Figure 2 | Cytokine and chemokine expression in the plasma of
female cynomolgus macaques according to the phase of the hormonal cycle (n = 9).
Samples were clustered into three groups based on progesterone level or
menstruation and each cytokine/chemokine concentration (pg/mL) was plotted. A
Kruskal-Wallis test followed by Dunn’s test to adjust the p value was performed.

Supplementary Figure 3 | Cytokine and chemokine expression in the plasma
and cervicovaginal fluids (CVF) of female cynomolgus macaques. The mean
concentration of each cytokine/chemokine for each animal in the plasma and CVF
were plotted and a paired T-test was performed to compare the two
compartments. Asterisks indicate p values considered to be statistically significant
(*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).

Supplementary Figure 4 | Localization of neutrophils in the vaginal mucosa.
Immunohistochemistry staining of a slide obtained from a vaginal punch (upper
vagina near the cervix) of one female cynomolgus macaque. An anti-calprotectin
antibody labelled with FITC (green) was used to stain neutrophils and DAPI to stain
the nucleus (blue).

Supplementary Figure 5 | Neutrophil morphology in the blood and
cervicovaginal cytobrushes. Neutrophil staining by May-Grunwald-Giemsa of (A)
cervicovaginal cells obtained from cytobrushes and (B) blood smears of one
representative animal (MF7) for all time points. The red star represents menstruation
and the black arrow neutrophils.

Supplementary Figure 6 | Nugent scores for each female during the three
months follow-up.

Supplementary Figure 7 | Vaginal microbiota composition of the female
cynomolgus macaques (n = 9). The percentage of the mean relative abundance of
phyla (A) or the top nine most represented genera (B) for all animals (top) or for each
female (bottom) are represented in the pie chart.

Supplementary Figure 8 | Variation of the abundance of bacterial taxa in each
phase of the menstrual cycle. The mean relative abundance of the nine most
represented genera (top) and families (below) in the high-progesterone, low-
progesterone, and menstruation groups is represented in the pie chart for all
females. Other genera are shown in grey (other).

Supplementary Figure 9 | Graphical representation of the relative abundance of
bacterial taxaaccording to thehormonalphaseat the family level.Onlybacterial taxa that
were differentially expressed according to the hormonal phase are represented.

Supplementary Figure 10 | Graphical representation of the relative abundance of
bacterial taxa according to the hormonal phase at the genus level. Only bacterial taxa
that were differentially expressed according to the hormonal phase are represented.
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