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Preface

Sexually transmitted infections (STI) are a major global health issue. This statement includes HIV-1 but also curable bacterial infections, such as chlamydia. Bacterial STI are not easily detected in an infected patient since there are often asymptomatic or induce mild symptoms. Unfortunately, the absence of symptoms is not associated with less pathogenicity since an untreated infection can migrate to the upper genital tract leading to severe pathologies. Chlamydia trachomatis infection is highly frequent in young women. The female reproductive tract (FRT) mucosa is the first line of defence against pathogens, however, the local microenvironment is weakly studied. So far, we know that the FRT is composed of a wide array of factors, but few informations are known about their interactions with each other and their impact on local inflammation. Inflammation is usually beneficial and essential for pathogen eradication, however, a sustained inflammation will favour the acquisition of STI. Indeed, it can increase the recruitment of target cells, induce epithelium breaches, The second article on the evolution of inflammatory markers in the FRT has recently been submitted to an international journal. The third one on the impact of the vaginal microbiota composition on Chlamydia infection and inflammation is in preparation and analysis are still

Introduction

Chapter I: Sexually transmitted infections (STIs)

General data

Every day, more than a million people get infected by a sexually transmitted infection (STI) [1]. Indeed, more than thirty bacteria, viruses and parasites can be transmitted through sexual contacts. The main pathogens linked to STIs are Treponema pallidum (syphilis),

Neisseria gonorrhoeae, Chlamydia trachomatis (CT), Trichomonas vaginalis, hepatitis B virus (HBV), herpes simplex virus (HSV2), type 1 human immunodeficiency virus (HIV-1) and human Papillomavirus (HPV). The World Health Organization (WHO) estimates that every year, 357 million people catch one of the following curable STI: chlamydia, gonorrhea, syphilis or trichomonas. In most of the cases, STIs are asymptomatic or with mild symptoms which are not specific of one STI. The usual symptoms for women are vaginal discharge, genital ulceration and stomach pains. In some cases, STIs can have severe consequences, including infertility or mother-to-child transmission. Moreover, by inducing inflammation, several STIs can increase the susceptibility to another infection. The best way to avoid STI acquisition is to use men or women condoms but also to educate the young population.

Several studies were conducted to understand factors associated with STI acquisition: these factors include knowledge, risk perception, peer norms for condom use, gender and economic inequality. Adolescents who feel confident in using condoms, who are not afraid to negotiate condom use with their partners, have lower rates of STI acquisition [2]. The global incidence of chlamydia, gonorrhea and trichomonas infections varies according to the country income classification. Indeed, 56% of these infections are observed in uppermiddle income, 23% in lower-middle income, 12% in low income and 9% in high-income countries [3]. Furthermore, STI acquisition has been associated with gender-based violence due to several facts including stigma and stereotyping.

Up to now, there are only two vaccines available and efficient against STIs: against hepatitis B and HPV. Microbicide gel (Tenofovir) and pre-exposure prophylaxis (PrEP) treatment can be used as preventive therapy to avoid HIV-1 transmission. Antiviral treatments are used for HSV2 and HIV-1 to slow down the disease without eradicating the virus Introduction Nowadays there are four STIs which can be cured using antibiotics: chlamydia, gonorrhea, syphilis and trichomonas. However, multi-resistance strains has been seen for N.

gonorrhoeae.

In the 80s, thanks to HIV-1 prevention strategy, the incidence of several STIs decreased in Europe. However, at the end of the 90s, there was an increase of STI acquisition with also the reappearance of some STIs that were almost eradicated, like the syphilis [4]. Moreover, a recent study performed in men who have sex with men (MSM) in Germany have determined a highest prevalence of STI in HIV negative PrEP users (40.3%) followed by HIV+ (30.8%) and HIV-who do not use PrEP (25%) [5]. STI acquisition represents a major public health issue.

Among women aged 15 to 49 years old, the estimated global prevalence of several STIs based on data from 2005 to 2012 was the following: Chlamydia 4.2%, Gonorrhea 0.8%, trichomonas 0.6% and syphilis 0.48%. L. Newman et al. made a global estimation of 131 million new cases of chlamydia, 78 million of gonorrhea, 143 million of trichomoniasis and 6 million of syphilis in women and men aged 15-49 years in 2012 [3]. In an Australian cohort, 877 women aged from 16 to 25 years old were tested for CT infection. The incidence rate was 4.4 per 100 person-years with a cumulative risk of reinfection of 22.3 per 100 personyears [6]. This paper highlights another problem of STI acquisition: a previous acquisition of an STI is not associated to protection when re-exposed to the same pathogen, on the contrary individuals that have acquired an STI are more at risk to be reinfected.

In 2017, there is an estimation of 534 063 individuals infected in Europe by CT including Lymphogranuloma venerum (LGV), N. gonorrhea or T. pallidum (Table 1). Depending of the STI, the population affected varies. Indeed, chlamydia infection is predominantly observed in young heterosexuals adult women whereas LGV infection is mainly acquired by MSM [7]. Data extracted from the European Center for Disease Center (ECDC) [7].

Chlamydia trachomatis (CT) Epidemiology in Europe and France

"Genital CT infection is the leading STI in Europe" according to the European Center for Disease Control (ECDC). In 2018, in 26 countries in Europe, the rate of CT infection was 146 cases per 100 000 persons with 176 096 cases reported in men compared to 228 306 cases among women (data on gender is on 99.5% of reported cases). Around 50% of CT infections are observed in young heterosexual women and 34% in heterosexual men [ Fig 1] (data on transmission were obtained only on 47% of reported cases). Moreover, the biggest proportion of cases was observed among 20-24 year old (39% of cases), before the age group 25-34 years old (28%). Women in the age group 20-24 years old had the highest rates

(1 373 cases per 100 000 population) followed by the age group 15-19 years (1052 per 100 000 population) [ Fig 2]. Young women between 15-24 years that are sexually active have the highest risk of CT acquisition [7]. Data of 2018 from Greece, Hungary, Lithuania, the Netherlands, Portugal, Romania, Slovakia and Sweden [7]. Country reports from Bulgaria, Croatia, Cyprus, Denmark, Estonia, Finland, Hungary, Iceland, Ireland, Latvia, Lithuania, Luxembourg, Malta, Norway, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden and the United Kingdom [7].

In the NatChla study conducted between 2005 and 2006, 4 957 people participated in a chlamydia home sampling program in France. A CT incidence of 1.6% in women and 1.4% in men was observed, however the incidence rate was higher in women and men aged 18 to 29 years old (3.2% and 2.5% respectively) [8].

In France, CT infection cases were relatively stable between 2014 and 2016 but there was an increase of CT infected individuals in 2017 with 17 672 individuals reported infected with CT [Table 2]. In the "Santé publique" website, 2.5 million people were diagnosed with CT infection in 2019. In France, women aged of more than 15 years old are at higher risk for CT acquisition with 148/100 000 in men vs 329/100 000 in women where young women from Introduction 20

made by the ECDC [9]. However, it is important to notice that this increased number of new CT cases might be in part due to an increase of CT screening [9]. Screening was also observed to be three times more important in women than men in 2019. However, "Santé publique

France" found a global increase of 20% of CT screening between 2017 and 2019, with a highest rate of screening in men aged less than 30 years old (+46%) compared to women aged less than 25 years old (+34%) .
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(3) infections that are often asymptomatic or with mild symptoms and ( 4) infections that induce a local inflammation [14].

Around 70% to 90% of the infection in women are asymptomatic and without an active screening, individuals will stay infected and continue to spread the infection [15].

An untreated CT infection can either: persist without symptoms for a long period, progress to cause more severe sequelae or resolve spontaneously without treatment. About 20-54% of infected patients self-resolve within a year whereas 23-30% become repeatedly infected [16]. Repeated CT infections can lead to the development of chronic inflammation [15,17,18]. Even if individuals that suffer from symptomatic CT infection are at risk to develop more severe symptoms, asymptomatic CT infection can also result in sequelae like tubal scarring [14].

In women, the infection can induce a slow cervicitis with leukorrhea (thick vaginal discharge) but also cystalgias (painful bladder syndrome), urethral syndrome (infection and inflammation of the urethra), dyspareunia (painful intercourse), spotting/bleeding between periods or after vaginal intercourse. Acute forms are a combination of adnexal/uterin pain and metrorrhagia (uterine bleeding at irregular intervals). Untreated, the infection can progress to the upper genital tract, including endometrium and fallopian tubes, and induce a salpingitis (Fallopian tube infection and inflammation) with chronic pelvic pain, sterility, pelvic inflammatory disease (10%) and ectopic pregnancy [14,19]. Pelvic inflammatory disease and scarred fallopian tube account for 20 to 40% of the symptom induced by the infection. Neonatal transmission can also occur during childbirth [15].

LGV, also induced by CT, is characterized by genital ulcerations followed by adenopathy and an inflammation of the rectum/anus.

Uretrhritis, cervicitis and asymptomatic form are treated with a single dose of 1g of azithromycine. In contrast, LGV is treated with another antibiotic, the doxycycline, for 3 to 4

weeks. The meta-analysis of Kong et al. has shown that the difference of efficacy between doxycycline and azitromycine treatment, is from 1,5% to 2,6% in favour of doxycycline for urogenital chlamydia infection (study composed of men and women) [20].

ii. Chlamydia trachomatis description and growth cycle

CT is divided into 19 serovars: trachoma serovars involved in ocular and urogenital infections (A-K) and serovars involved in LGV (L1-L3). Ocular infections are induced by the serovars A to C, accountable for the infection of the epithelial surface of the conjunctiva and chronic ocular inflammation. These serovars are still endemic in many developing countries and are the first cause of infectious blindness. Serovars D to K are responsible for genital infection. As for LGV, they primarily infect the lymphatics system and lymph nodes, and MSM are more commonly infected by LGV than women [15]. Serovars A and C appear to be strictly associated with trachoma. Indeed, these serovars differ from the genital strains by several gene. For example, the A and C strains lack an intact trpA gene indispensable for transforming indole into tryptophan, which is essential for bacterial survival in the cell [21].

However, genital strains also induce conjunctivitis [22].

CT preferentially infects columnar epithelial cells. CT has a unique biphasic developmental cycle that alternate between two forms: the elementary bodies (EB) that are infectious but not metabolically active, and the reticulate bodies (RB) that are metabolically active, therefore able to replicate, but not infectious. The EB interact with a cell surface protein, and upon attachment, CT is internalized into the cell through an endocytosis like mechanism, using a vesicle called an inclusion which does not fused with the endosomal or lysosomal membranes [23]. More precisely, the entry of CT in the cell can be mediated by different mechanisms involving different proteins. All the mechanisms are not fully understood and it seems that there is not a single pathway involved in CT entry. One of the mechanisms involved a type 3 secretion system (T3SS) that is delivered into the cell by CT and stimulates the Rho family GTPase Rac1. Cytoskeletal rearrangements and the formation of lamellipodia or filopedia will then be induced, facilitating the entry of CT [24]. A study revealed that filopedia could be associated with macropinocytosis entry, mediated by the sorting nexin 9 protein (SNX9) [25]. Furthermore, the T3SS allows the secretion of effectors such as TmeA. TmeA, by activating neural Wiskott-Aldrich syndrome protein (N-WASP), will promote Arp2/3-dependent actin polymerization allowing EB entry [26]. Several host cell receptors might be involved in CT entry as well. Mannose receptor, cystic fibrosis transmembrane conductance (CFTR), Ephrin A2 and protein disulfide isomerase (PDI) have been proved to enhance CT adhesion and entry. Interestingly, silencing of Ephrin A2 and PDI reduced CT invasion by 87% [27].

After CT entry, the disulfide bonds between the outer membrane proteins of the EB, essential for EB extracellular stability, are reduced during the internalization. Within the inclusion, CT development will depend of the interaction between the inclusion and the organelles, notably for providing nutrients essential to the bacterial survival. Acquisition of lipids by the inclusion is an essential step for the inclusion maturation and reproduction. CT can synthesize its own lipids but will preferentially use host lipids, indeed they will acquire sphingolipids, cholesterol, glycerophospholipids that will be incorporate into EB/RB membrane [14,28]. CT is also able to regulate ATP synthesis by the host mitochondria in order to use it for its intracellular growth [29]. Host iron is also necessary for a correct infectious cycle, as well as tryptophan that is necessary for its growth and survival [30,31].

Meanwhile, the conversion of EB to RB is triggered. RB will then replicate within the inclusion. Halfway of the infection cycle, bacterial replication become asynchronous and the RB will reverse back to EB. The inclusion is now full of EBs and fill almost the entire volume of the cell. The infectious element will then be released either by cell lysis or inclusion extrusion and will be able to infect other cells [Fig 3] [28]. Elementary bodies (EB) attach to epithelial cells to infect the cells. ( 2) EB differentiate into reticulate bodies (RB) within a vacuole called an inclusion. ( 3) RB replicate within the inclusion. ( 4) RB differentiate back to EB leading to a mixture of EB and RB within the inclusion. ( 5) Bacteria are released from the cell either by extrusion or host cell lysis and infect new epithelial cells. Image extracted from Lujan A et al., 2016 [32].

Immune response induced by CT infection i. Innate immune response to CT infection

with CT induce an increase of pro-inflammatory cytokines: IL-8, Granulocyte-macrophage colony stimulating factor (GM-CSF), IL-6 and IL-1α [33]. Using a different epithelial cell line, the team of Quayle has observed, in polarized A2EN cells infected with CT, a mild increase of pro-inflammatory cytokines, with an increase of IL-1α secretion and a decrease of CXCL10 and CCL5. A2EN is a human endocervical epithelial cell line (A2EN) derived from primary epithelial cells and immortalized using papilloma virus gene E6 and E7 [34]. Moreover, infection of three different epithelial cell lines (HeLa, A549 and HT-29 cells) with CT induce the expression of the mature form of IL-18 through caspase-1 activation. This production of mature IL-18 was not observed in fibroblasts infected with CT [35]. In oviduct cell lines, toll like receptor 3 (TLR) was disrupted, leading to a decrease of inflammation biomarkers IFNβ,, matrix metalloproteinase (MMP) family…) upon CT infection, suggesting a role of TLR3 in genital tract scarring and inflammation [36].

An increase of IL-1α and IL-8 was also observed by immunohistochemistry of human fallopian tube organ culture (FTOC) infected with CT serovar D (svD). Furthermore, severe tissue damages were observed. IL-1RA adding prior to CT infection reduces the tissue damage observed previously (percentage of infection remains the same; reduce expression of . The authors hypothesized that IL-1α production by epithelial cells after CT infection induce tissue damage and the expression of IL-8, which attract neutrophils [37].

Cohort studies confirmed and supplemented in vitro and ex vivo studies on the production of immune mediators by CT infection. Immune mediators of five women suffering from CT infection were measured in vaginal fluids and compared to a non-infected group (n=13). The authors noticed in CT infected women an increase of IL-1β, lactoferrin, TNFα, IL-8, vascular endothelial growth factor (VEGF), granulocyte-colony stimulating factor (G-CSF), IL-10, IL-3, IL-7, IL-12 and IL-6 [38]. Interestingly, cervical fluids, collected from women suffering from both cervical and upper genital tract infection, exhibit an increased expression of CXCL10, TNFα, IL-17A, CXCL9, CXCL11, CCL4 and CXCL13 compared to women suffering from cervical infection. The authors observed that an elevated ratio of IL-15/CXCL10, IL-16/TNFα, CXCL14/IL-17A were negatively associated with endometrial infection. As expected, 79% of the cytokines observed in cervical secretions were positively associated with CT burden [39]. Women suffering from cervicitis exhibited high levels of proinflammatory cytokines in vaginal fluids . The authors also observed, in women with fertility disorders, a significant increase in levels of IL-6, IL-8, IL-10 and IFNγ [40]. Another study has shown that the increased level of IFNγ in cervical fluids of women infected with CT (n=47) was five times higher compared to uninfected women (n=52) [41].

In vitro, CT infection of epithelial cells in stress condition such as during IFNγ exposition or iron deprivation induces the development of morphologically aberrant non-infectious developmental forms of CT [42]. Interestingly, addition of recombinant TNFα to an epithelial cell line (Hep2 cells) immediately after CT infection (serovar L2) resulted in smaller inclusion.

In a similar setting, the combination of TNFα and IFNγ pretreatment showed an inhibition of chlamydial replication [43]. Moreover, in an in vitro study using mouse DC and NK cell lines, the authors have shown an induction of exosome release by CT infected DC. Those exosomes do not contain CT but enhance IFNγ production by NK cells through the interaction between TNFα and NK cell associated TNF receptor [44].

Animal models:

The mouse model has been highly used to understand the pathogenicity and immune response upon CT infection. Chlamydia muridarum infects the columnar epithelial cells and lower genital tract infection mimics acute genital tract infection observed in human after CT infection. Mice clear C. muridarum infection after a month post-challenge. However, after 28 to 50 days after infection, mice develop sequelae in the upper genital tract and develop hydrosalpinx that correlated with infertility. IL-1α -/-mice infected with C. muridarum were protected from oviduct damage and fibrosis despite a similar CT burden observed in CT control mice. Indeed, the oviduct epithelium were thicker and the tissue structure was maintained with less tissue scarring. Furthermore, a reduced infiltration of neutrophils is observed in the oviduct and uterine horns of IL-1α -/-mice. There is also a reduced expression of pro-inflammatory cytokines (IL-1β, G-CSG, IL-6, CCL4, CXCL1, IL-17A, IFNγ, IL-12p70) at the peak of infection in oviduct tissue of IL-1α -/-mice compared to WT mice [45]. In mice infected with CT svD, authors observed a major recruitment to the site of infection of neutrophils and monocytes and to a lesser extent macrophages, DC and NK cells. G-CSF, GM-CSF and IL-8 are involved in neutrophil recruitment. Cervical fluids collected from women suffering from CT infection show high level of cytokines involved in neutrophil activation, survival and chemotaxis, such as YKL40, CXCL5, CXCL1, G-CSF, IL-8 and CXCL6 [39]. Depletion of neutrophils in CT infected mice improves the immunopathology in the upper genital tract showing that neutrophil is the major immune cell contributing to pathology, furthermore neutrophils seem to be unnecessary for CT clearance because the bacterial burden was not impacted by neutrophil depletion [46]. CXC chemokine receptor 2 (CXCR-2) deficient mice, which is involved in neutrophil recruitment, and matrix metalloprotease-9 (MMP9) or phagocyte oxidase deficient mice, mainly produced by neutrophils, display a reduce severity of the disease. MMP9 induces degradation of extracellular matrix and inflammation and phagocyte oxidase is a membrane-bound complex that is used to engulf pathogens. GM-CSF production of epithelial cells upon CT infection has been link to increase neutrophil survival in an in vitro model using supernatant of HeLa cells infected with L2 strain of CT on neutrophils isolated from human blood, treated with anti-GM-CSF [47]. Neutrophils could also be involved in CT survival, indeed K. Rajeeve et al. have described that neutrophils infected by CT fail to induce neutrophil extracellular traps (NET). This mechanism is mediated by the binding between Chlamydia protease-like activating factor (CPAF) and the formyl peptide receptor 2 (FPR2) present on the neutrophil membrane. This binding will then prevent the activation of the NET mechanism and enable pathogen survival [48]. However, Naglak et al. have shown that neutrophils are highly involved in antibody-mediated anti-chlamydial immunity using serum passive transfer of mice that resolve CT infection to a reinfected mouse model. This immunity has been proved to be involved in reducing the bacterial burden observed invaginal swab but no information on pathology was given [49]. A summary figure on neutrophil involvement during CT was done [Fig4]. Epithelial cells infected with CT in the cervix as well as other immune cells will produce cytokines. (II)

The cytokines produced by epithelial cells and other immune cells induce the recruitment of neutrophil within the mucosae. (II) Neutrophils will have an increase survival and will produce cytokine and peptides such as MMP9. (III) The overactivation of neutrophils will lead to upper genital tract pathology. CT infection of neutrophils can also favour CT survival by impairing NET production.

Neutrophils was also described to be involved in antibody mediated immunity allowing bacterial burden reduction. Created with Biorender.com.

A metabolically active non replicative form of CT was also observed to persist in macrophages [50]. Macrophages are recruited at the site of infection and sense pathogen associated molecular patterns (PAMPs) like lipopolysaccharide (LPS) or Heat Shock Protein 60 (HSP60). Recruited macrophages are part of lymphoid follicles along with B cells in the center and T cells in periphery [START_REF] Stephens | The cellular paradigm of chlamydial pathogenesis[END_REF]. They engulf the EB supposedly by phagocytosis and induce the expression of several cytokines, chemokines and growth factors like IL-1α, IL-6, IL-12, TNFα, CXCL10, GM-CSF [15].

Based on in vitro/ex vivo and in vivo results, CT infection induces a strong expression of several cytokines including IL-1, IL-6, IL-8, TNFα, IL-12, IL-18, IFNγ but also growth factor like VEGF, GM-CSF and G-CSF. IL-12 and IL-18 in combination are strong inducers of IFNγ Introduction 29 secretion by CD4 + T cells and NK cells, described to be essential for CT clearance.

Pathogenesis is induced by several factors including IL-1, IL-18, IL-8. IL-1β secretion, highly expressed by neutrophils and macrophages that have been shown to significantly contribute to oviduct pathology in mice [START_REF] Prantner | Critical Role for Interleukin-1β (IL-1β) during Chlamydia muridarum Genital Infection and Bacterial Replication-Independent Secretion of IL-1β in Mouse Macrophages[END_REF]. IL-18 is involved in both pathogenesis and CT clearance highlighting the balance between sufficient inflammation that is necessary for bacterial clearance and excessive inflammation that induced pathogenesis. IL-1β active form is mediated through caspase-1 cleavage of pro-IL-1β. Furthermore, the cytosolic pattern recognition receptors (PRR), Nucleotide-binding oligomerisation domain-containing protein 1 (NOD1), can enhance caspase 1 IL-1β production as well as IL-8 production. IL-8 is a chemokine involved in cell recruitment including neutrophils and macrophages. Active form of IL-8 and IL-18 also increased upon CT infection are dependent of the caspase 1, highlighting a central role of caspase 1 in contributing to pathogenesis [15,35]. Tables 3,4 and 5 recapitulate main cytokine, chemokine and growth factor functions. Data extracted from [START_REF] Sims | The IL-1 family: regulators of immunity[END_REF][START_REF] Vignali | IL-12 Family Cytokines: Immunological Playmakers[END_REF][START_REF] Tanaka | IL-6 in inflammation, immunity, and disease[END_REF][START_REF] Gonzalez-Aparicio | Influence of Interleukin-8 and Neutrophil Extracellular Trap (NET) Formation in the Tumor Microenvironment: Is There a Pathogenic Role?[END_REF][START_REF] Balkwill | TNF-alpha in promotion and progression of cancer[END_REF][START_REF] Dorhoi | Tumor necrosis factor alpha in mycobacterial infection[END_REF][START_REF] Idriss | TNF␣ and the TNF Receptor Superfamily: Structure-Function Relationship[END_REF][START_REF] Trinchieri | Type I interferon: friend or foe?[END_REF][START_REF] Wira | Innate and adaptive immunity in female genital tract: cellular responses and interactions[END_REF][START_REF] Rutz | Regulation of Interleukin-10 Expression[END_REF][START_REF] Yang | TGF-β and immune cells: an important regulatory axis in the tumor microenvironment and progression[END_REF]. Data extracted from [START_REF] Bhattacharya | Dual Role of GM-CSF as a Pro-Inflammatory and a Regulatory Cytokine: Implications for Immune Therapy[END_REF][START_REF] Apte | VEGF in Signaling and Disease: Beyond Discovery and Development[END_REF][START_REF] Aliper | A role for G-CSF and GM-CSF in nonmyeloid cancers[END_REF].

Table 5:

Major roles and producers of chemokines.

Date extracted from [START_REF] Kunkel | Through the looking glass: the diverse in vivo activities of chemokines[END_REF][START_REF] Gschwandtner | More Than Just Attractive: How CCL2 Influences Myeloid Cell Behavior Beyond Chemotaxis[END_REF][START_REF] Chatterjee | Chemokines and Chemokine Receptors in Susceptibility to HIV-1 Infection and Progression to AIDS[END_REF][START_REF] Maurer | Macrophage inflammatory protein-1[END_REF][START_REF] Marques | Targeting CCL5 in inflammation[END_REF][START_REF] Ahmadi | CXCL10 Activities, Biological Structure, and Source Along with Its Significant Role Played in Pathophysiology of Type I Diabetes Mellitus[END_REF]. 

32

CT infection of host cells are sufficient to induce chronic and intense inflammation that promote cellular proliferation, tissue remodeling and scarring of tissue [Fig5] [START_REF] Stephens | The cellular paradigm of chlamydial pathogenesis[END_REF]. . et al., 2005 [61].

ii. Adaptative immune response

CT infection in Human:

Upon infection, there is a significant number of T cell infiltration to the infected tissue.

The protective immunity against CT has been reported to be characterized by antigenspecific IFNγ secreting CD4 + T cells [16]. IFNγ has a central role in the immune response against CT and might be essential for infection clearance [START_REF] Menon | Human and Pathogen Factors Associated with Chlamydia trachomatis-Related Infertility in Women[END_REF][START_REF] O'meara | Immunity against a Chlamydia infection and disease may be determined by a balance of IL-17 signaling[END_REF]. IFNγ, by depleting the intracellular pool of tryptophan upon induction of the tryptophan catabolizing enzyme indoleamine 2,3-dioxygenase (IDO), induces the inhibition of chlamydia growth but maintains persistence of aberrant intracellular CT [31,[START_REF] Stephens | The cellular paradigm of chlamydial pathogenesis[END_REF][START_REF] Østergaard | Quantitative Protein Profiling of Chlamydia trachomatis Growth Forms Reveals Defense Strategies Against Tryptophan Starvation[END_REF][START_REF] Belland | Transcriptome analysis of chlamydial growth during IFN-γ-mediated persistence and reactivation[END_REF]. Ziklo et al. have observed an increased expression of IDO1, TGF-β1 in cervical fluid of CT repeatedly infected women, and those that cleared the infection thanks to antibiotic treatment compared to uninfected or single CT infected women. Only women that cleared CT infection after antibiotic treatment exhibit high level of FoxP3. Interestingly, no IFNγ production was observed, suggesting that IDO1 is produced independently of IFNγ secretion. Based on in vitro experiment as well, the authors suggest that IDO1 and TGF-β1 could be involved in the immune regulation in repeatedly infected individuals [START_REF] Ziklo | High expression of IDO1 and TGF-β1 during recurrence and post infection clearance with Chlamydia trachomatis, are independent of host IFN-γ response[END_REF].

Association between antibodies and protection is unclear. Seropositivity in women was not associated with reduce risk of ascending CT infection or new CT infection. However, they found that seropositivity was associated to reduce cervical bacterial burden but not endometrium bacterial burden [START_REF] Russell | Analysis of Factors Driving Incident and Ascending Infection and the Role of Serum Antibody in Chlamydia trachomatis Genital Tract Infection[END_REF]. A recent study, performed in 411 women with single CT infection, and in 62 women with recurrent CT infection, have described an anti-CT MOMP specific IgG antibodies level, which is stable for 3 to 10 years after CT infection. Despite the stable level of antibodies, reinfection in patients still occurs [START_REF] Öhman | Prevalence and persistence of Chlamydia trachomatis-specific antibodies after occasional and recurrent infections[END_REF]. IgA and IgG against MOMP antigen levels in cervical fluids were higher in women with primary CT infections (n=44) than women with recurrent infections (n=81). On the contrary, women suffering from recurrent infection had a higher level of IgA and IgG against HSP10 and HSP60 [START_REF] Agrawal | Mucosal and peripheral immune responses to chlamydial heat shock proteins in women infected with Chlamydia trachomatis[END_REF]. Elevated titers of anti-HSP60 are a recognized marker of persistent infection. The presence of immunocomplexes formed by anti-CT-HSP60 antibodies and HSP60 are supposed to worsen the course of the disease [START_REF] Mascellino | Immunopathogenesis in Chlamydia trachomatis Infected Women[END_REF]. Moreover, in a cohort composed of women suffering from tubal damage, the authors have shown that chlamydia specific antibodies in sera are positively correlated to the severity of tubal damage [START_REF] Hakim | The relationship between serum Chlamydia antibody levels and severity of disease in infertile women with tubal damage[END_REF]. However, a study on a sex working cohort in Kenya, have shown that levels of EB specific or HSP60 IgG and IgA in sera and vaginal fluids were not correlated with an increased risk of CT acquisition [START_REF] Cohen | Immunoepidemiologic Profile of Chlamydia trachomatis Infection: Importance of Heat-Shock Protein 60 and Interferon-γ[END_REF].

Experimental infections in animal model:

In a mouse model infected by CT svD, Lijek et al. observed that antigen-specific CD4 + and CD8 + T cells are sufficient for clearance of the bacterial burden. In addition, another study determined that B cells are essential for CD4 + T cell priming upon CT infection and in preventing bacterial dissemination [START_REF] Li | B Cells Enhance Antigen-Specific CD4 T Cell Priming and Prevent Bacteria Dissemination following Chlamydia muridarum Genital Tract Infection[END_REF]. However, the influx of non-specific T cells that occurs after the CT infection might contribute to immunopathology. Indeed, CXCR3

blockade in mice results in an improvement in the immunopathology of the upper tract.

CXCR3 is the common receptor of the chemokine CXCL9/10/11 [46].

During CT infection, the CD4 + T CD25 + FoxP3 Treg produced IL-10 are also involved in pathogenesis. Depletion of Treg in a mouse model infected with CT reduces the inflammation, neutrophil recruitment and oviduct pathology. Moreover, this depletion induces a decrease of Th17 but not CD4 + Th1 cells [START_REF] Fraser | CD4+CD25+Foxp3+ Regulatory T Cells Promote Th17 Responses and Genital Tract Inflammation upon Intracellular Chlamydia muridarum Infection[END_REF].

Contribution of vaccine studies:

In a mouse model, immunization with a surface protein of CT (Major outer membrane protein -MOMP) and Cholera Toxin/Cytosine-phospate-Guanine-oligodeoxynucleotide (ChoT/CpG) followed by an intravaginal challenge elicited an increase of IFNγ and TNFα that were associated with protection through duration of the infection but also oviduct pathology. The authors observed in non-immunized animal an increase of caspase 1 activated cytokines IL-1β and IL-18 [START_REF] O'meara | Immunity against a Chlamydia infection and disease may be determined by a balance of IL-17 signaling[END_REF]. Intranasal immunization of live EB of C. muridarum induces a Th1 CD4 + T cell response characterized by a strong induction of IFNγ but also a low level of IL-17. On the contrary, intramuscular immunization of live EB induces Th17/Th2 responses with a strong immunopathology of the upper genital tract [86]. These results highlight an impact of Th17 on immunopathology. Th17 cells that produce IL-17 recruit neutrophils to the site of infection, which are known to induce tissue damage. The role of Th17 has been studied during CT infection but their role remains unclear and need to be more explored. O'Meara et al., have observed an increase of IL-17 in immunized mice that are protected against the infection whereas mice that are protected against oviduct pathology display a lower level of IL-17. The authors suggested that IL-17 might be involved in both protection and pathogenesis and that chronic CT pathology involved an increase of IL-17 [START_REF] O'meara | Immunity against a Chlamydia infection and disease may be determined by a balance of IL-17 signaling[END_REF]. As well as the Th17, the CD8 + T cells does not seem to be involved in protective immunity but might be linked to pathogenesis by involving TNFα production [15]. Indeed, in a mouse model depleted of CD8 + T cells immunized with a MOMP vaccine, the authors
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observed the same course of CT infection compared to undepleted vaccinated group upon CT challenge. This demonstrates that CD8 + T cells are not involved in CT protection [START_REF] Farris | CD4+ T Cells and Antibody Are Required for Optimal Major Outer Membrane Protein Vaccine-Induced Immunity to Chlamydia muridarum Genital Infection[END_REF].

Vaccine studies highlight a central role of B cells in protection. Indeed, in a mouse model depleted of B cells immunized with a MOMP vaccine, there is a reduced protection (slower resolution of CT infection) against CT challenge compared to the undepleted vaccinated group [START_REF] Farris | CD4+ T Cells and Antibody Are Required for Optimal Major Outer Membrane Protein Vaccine-Induced Immunity to Chlamydia muridarum Genital Infection[END_REF].

Immune cells seem to be involved in tissue damage such as neutrophils and Th17. The role of B cells and antibodies is not clear and need to be studied deeper, however it seems that B cells might be involved in decreasing vaginal bacterial burden but also in facilitating upper tract tissue damage. More importantly, the IFNγ producing Th1 cells have been correlated to protective immunity [Fig6]. Cervicovaginal CT infected epithelial cells induce different cell recruitment/activation allowing either protection or pathology. Figure adapted from Wira C. et al., 2005 [61].

CT/HIV-1 co-infections Epidemiology

HIV-1 is an STI that attacks the immune system by depleting CD4 + T cells weakening the immune system of an infected person. Two to 25 years after HIV-1 infection, individuals not under antiretroviral therapy, can develop the acquired immunodeficiency syndrome (AIDS) making them more susceptible to severe infections like tuberculosis, cryptococcal meningitis, severe bacterial infections and cancers. HIV-1 as other STIs continues to be a major global public health issue. Approximately 38 million people were living with HIV-1 at the end of 2020, 680,000 people died from HIV-1 related cause in 2020 and 1.5 million people were newly infected [START_REF]HIV/AIDS[END_REF]. There are 5 000 young women aged from 15-24 years, every week that become infected with HIV-1. In sub-saharian Africa, six out of seven new infections are detected in women aged 15-19 years, moreover these young women are twice more likely to live with HIV-1 than men [89]. Adolescent and young women have an increased risk of HIV-1 acquisition.

As described earlier, CT can induce a long-term infection that will induce a local chronic inflammation that will lead to increase susceptibility to other STI acquisition including HIV-1 infection.

In a population-based incidence study in MSM, a factor associated to HIV-1 coinfection is the diagnosis of an STI in the past 12 months. Moreover, LGV infection was associated with increased risk of HIV-1 co-infection [START_REF] Sentís | Sexually transmitted infections in young people and factors associated with HIV coinfection: an observational study in a large city[END_REF]. A study performed in a Brazilian cohort of women showed that CT infection was the most prevalent STI (around 20%) found in HIV+ and HIV-women [START_REF] Rodrigues | Sexually transmitted infections among HIV-infected and HIV-uninfected women in the Tapajós region, Amazon, Brazil: Self-collected vs. clinician-collected samples[END_REF].

Prevalence of CT infection was found to be high in HIV-1/AIDS positive women [START_REF] Mafokwane | Prevalence of chlamydia among HIV positive and HIV negative patients in the Vhembe District as detected by real time PCR from urine samples[END_REF].

Furthermore, meta-analysis performed on several studies reported that chlamydia infection or cervicitis significantly increases the detection of HIV-1 [START_REF] Johnson | The effect of genital tract infections on HIV-1 shedding in the genital tract: a systematic review and meta-analysis[END_REF]. On 609 HIV-1 seropositive sex working women in Ivory Coast, HIV-1 cervicovaginal shedding was significantly associated with CT [START_REF] Ghys | The associations between cervicovaginal HIV shedding, sexually transmitted diseases and immunosuppression in female sex workers in Abidjan, Côte d'Ivoire[END_REF]. In the MIRA trials 4,948 HIV-1 seronegative women were enrolled and followed during 12 to 24 months. The authors observed that women infected by either CT, HSV-2, N.

Introduction 37 gonorrhoea or T. vaginalis were at increased risk of HIV-1 acquisition [START_REF] Venkatesh | The relative contribution of viral and bacterial sexually transmitted infections on HIV acquisition in southern African women in the Methods for Improving Reproductive Health in Africa study[END_REF]. At last, during 2000At last, during -2009, 2,221,944 , 2,221,944 women aged from 13-59 year old were monitored for HIV-1 acquisition. In this study, HIV-1 positive diagnostic was higher in women suffering from one STI (syphilis, gonorrhea and CT) [START_REF] Peterman | Risk for HIV following a diagnosis of syphilis, gonorrhoea or chlamydia: 328,456 women in Florida, 2000-2011[END_REF].

These epidemiologic studies confirmed that CT infection increases the risk for HIV-1 acquisition.

Mechanisms involved in increasing the risk of HIV-1 acquisition (based on in vitro studies)

In vitro studies have also proved that a previous CT infection increases the susceptibility of HIV-1 infection.HIV-1 can infect different parts of the female genital tract including the vagina, exocervix, endocervix but also the uterus and the fallopian tubes. The transformation zone, where the multilayer pluristratified epithelium of the vagina/ectocervix becomes a single layer of polarized epithelial cells with tight junction is highly susceptible to HIV-1 infection.

In the genital tract mucosae, HIV-1 infection can occur via three different mechanisms [START_REF] Shen | Interactions between HIV-1 and Mucosal Cells in the Female Reproductive Tract[END_REF]:

-Cell free virus or cell associated virus cross the epithelial barrier through abrasions that can be induced during sexual intercourses or inflammation induce by another STI.

-In the vagina and ectocervix, CD4 + T cells, DCs and macrophages can penetrate the epithelium and capture cell free virions.

-Transcytosis of HIV-1 virus through the columnar epithelium can also occur.

To initiate HIV-1 infection, two surface protein the gp120 and gp41 will bind to CD4 and a co-receptor CXCR4 or CCR5. HIV-1 virus can either bind to CXCR4 co-receptor (X4 virus) or CCR5 (R5 virus) or to both co-receptors (X4R5 virus). R5 viruses are mainly transmitted. Other co-receptor can be involved to initiate HIV-1 entry such as galactosyl 38 ceramide (GalCer) that binds to HIV-1 gp41 and heparin sulfate proteoglycans (HSPGs) [START_REF] Magérus-Chatinet | Galactosyl ceramide expressed on dendritic cells can mediate HIV-1 transfer from monocyte derived dendritic cells to autologous T cells[END_REF][START_REF] Schust | Potential mechanisms for increased HIV-1 transmission across the endocervical epithelium during C. trachomatis infection[END_REF].

In CT infection can increase HIV-1 susceptibility through several mechanisms:

(1) Production of inflammatory cytokines inducing recruitment of HIV-1 target cells including macrophages and DCs [100].

(2) Recruitment of a large amount of CD4 + T cells that express HIV-1 co-receptors CXCR4

and CCR5 [START_REF] Schust | Potential mechanisms for increased HIV-1 transmission across the endocervical epithelium during C. trachomatis infection[END_REF]102].

( 
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(5) CT infection of epithelial cells induces an upregulation of CXCR4, CCR5 and Galcer [START_REF] Schust | Potential mechanisms for increased HIV-1 transmission across the endocervical epithelium during C. trachomatis infection[END_REF].

(6) CT infection enhances attachment of HIV-1 virion on CT infected epithelial cells and thus increases the transfer and replication of HIV-1 virion. In CT infected epithelial cells the levels of HIV-1 bound were higher than on non-infected cells. Moreover, co-culture of CT infected epithelial cells with CD4 + CCR5 + CXCR4 + T cells induce a 10 fold increase in HIV-1 viral copies compared to mock infected epithelial cell coculture with CD4 + T cells [START_REF] Schust | Potential mechanisms for increased HIV-1 transmission across the endocervical epithelium during C. trachomatis infection[END_REF].

STI gateway

A vast array of pathogens invades through mucosal surfaces: nasal/oral cavities, gut and the genitourinary tract (GU). STI pathogen invasion occurs through the male/female GU tract, the rectum (anogenital transmission) but also during foreplay (buccogenital transmission) or from the mother to the unborn child for some STIs. Blood transfusion or use of contaminate needle can also allow the transmission of viral STI like HIV-1. Concerning the male GU, pathogens will access to the urethral opening of the penis and to the inner surface of the foreskin [103]. In the FRT, pathogens will be directly in contact of the vaginal/cervix epithelium.

Heterosexual transmission from male to female is one of the major route of STIs and occurs mainly via the FRT mucosae.

Chapter II: The Female reproductive Tract (FRT)

Structure and composition

The FRT is divided into an upper tract, composed of the fallopian tubes, ovaries, uterus 

Hematopoeisis

Hematopoietic stem and progenitor cells (HSPC) are primarily localized in the bone marrow (BM), which is also a reservoir of granulocytes that can be released in case of severe infections. Maintenance of HSPC in the bone marrow is due to the production of CXCL12, which binds to CXCR4, allowing the control of migration and retention of HSPC in the bone marrow. Furthermore, aged neutrophils expressing high level of CXCR4 are also recruited back to BM to be eliminated [119,120]. In mice, aged neutrophils clearance by the bone marrow has been shown to follow circadian cycles. The circadian elimination of aged neutrophils leads to the decrease in size and function of the hematopoietic niche, consequently promoting the release of hematopoietic cells into the blood [120]. Neutrophils can also be eliminated by the spleen and liver [121]. HSPC, and more precisely granulocytemonocyte progenitors (GMPs), differentiate into neutrophils thanks to extracellular (cytokines/growth factor) and intracellular stimuli (transcription factor/microRNA). GMP will give rise either to monocytes/macrophages via monoblast lineage or granulocytes (eosinophils, basophils and neutrophils) via myeloblast lineage. Following GMP, there are two major phases to obtain neutrophils: the proliferative phase and the non-proliferative phase. In the proliferative phase, GMP differentiate into myeloblast, promyelocytes (round nucleus and dark cytoplasm) and finally myelocyte (round nucleus and less dark cytoplasm).

Thereafter, the non-proliferative phase starts with the differentiation of myelocytes into Neutrophil differentiation process as well as surface activation and mature marker expression on different subsets of neutrophils (pre-neutrophils, immature and mature neutrophils). Adapted from Evrard M. et al., 2018 andNg LG. et al., 2019 [129, 130].

Activation status and role in immunity

Neutrophils exhibit three main phenotypes classified as resting, primed and activated.

Blood circulating neutrophils have a resting phenotype with a round morphology, are non- Extracted from Tamassia N. et al., 2018 [147].

Genital neutrophils

Neutrophils are present in all the compartments of the FRT. The highest presence of neutrophils is in fallopian tubes and this number decreases from the upper to the lower tract [START_REF] Wira | Innate and adaptive immunity in female genital tract: cellular responses and interactions[END_REF]. Neutrophils in fallopian tubes have been described to be phenotypically and functionally different from the neutrophils in the blood. Indeed, they expressed lower level of CD66b, CD62L, IL-8 receptor (CXCR1, CXCR2) and higher level of bacterial product receptor, CD64, HLA-DR, IFNγ, TNFα, IL-12 and VEGF compared to blood neutrophils [149].

In the uterus, a strong increase of IL-8 before the menstruation leads to a significant recruitment of neutrophils. Their role during menstruation is to allow the disruption of endometrial tissue through the release of elastase, which will activate extracellular matrix- 

Adaptive immunity

Adaptive immunity is a pathogen specific immunity notably mediated by presentation and activation of T cells by antigen-presenting cells (APC) such as macrophages, DC but also epithelial cells expressing major histocompatibility complex (MHC) class II.

i. T cell responses

T cells can differentiate in helper cells such as Th1, Th2 and Th17, in regulatory cells subset is more abundant in the cervix compared to endometrium in premenopausal women [163]. In the upper tract, there are also lymphoid aggregates (LA), composed of an inner core of B cells surrounded by CD8 + T cells and an outer halo of macrophages, which are not found in the lower tract [164].

ii. B cell responses

B cell maturation into antibody secreting plasma cells will induce the production of pathogen specific antibodies facilitating the elimination of extracellular pathogens or cell associated antigens. IgA and IgG are found in the FRT, and IgG concentration is higher than

IgA. The pIgR present on the epithelial cells allows the crossing of IgA from tissue to lumen.

pIgR expression is hormonally regulated as well as antibody secretion. Indeed, pIgR level is increased during the secretory phase when estrogen level is high [165]. B cells represent 0,9% of immune cells in the cervix [161]. They are mainly found in the cervix and vagina and they are more abundant in the ectocervix compared to the endocervix in premenopausal women [108,161]. In a mouse model, primary infection of naïve mice with HSV-2 wild type strain (WT) failed to induce a B cell recruitment in the FRT. Nevertheless, vaginal immunization of mice with thymidine kinase (TK) -HSV-2 strain, followed by challenge with WT strain, induces a robust recruitment of IgG + B cells to the vagina, as well as an increased number in cervix and uterus. They also showed that CD4 + resident memory T cells were necessary for B cell recruitment by secreting IFNγ which induces CXCL9 and CXCL10 [166].

Those results have shown that antibody secretion upon infection is not efficient, due to the lack of tissue-resident plasma cells, and that local immunization before infection is necessary to elicit a recruitment of memory B cells secreting high levels of pathogen specific IgG in the vagina. Moreover, circulating antibodies failed to enter vaginal lumen without barrier disruption, showing an essential role of tissue specific antibody secreting plasma cells.

Menstrual cycle

The FRT undergoes cyclic changes starting from the puberty until menopause, which are essential for preparing pregnancy. The menstrual cycle is composed of four phases: menstruation, ovulation phase, proliferative phase (or follicular phase) and secretory phase (or luteal phase), characterized by hormonal variation. There is an average of 28 days between menstruation bleeding, which last between 3 to 7 days. Following menstruation bleeding, the proliferative phase begins. This phase is characterized by an increase of estrogen produced by a mature follicle on the ovary.

This phenomenon is induced by Follicle stimulating hormone (FSH), secreted by the pituitary gland (localized on the base of the brain). The production of estrogen peaks 1 to 2 days prior ovulation. Due to estrogen level, the lining of the endometrium becomes thicker and induces luteinizing hormone (LH) by the pituitary gland through the stimulation of gonadotropinreleasing hormone (GnRH). The increase of LH and FSH promotes the release of the ovocyte from the follicle. After the release of the ovocyte, the secretory phase starts with a decrease of LH and FSH. Corpus luteum formed inside the ovocyte, produces progesterone and estrogens. If fertilization occurs, the corpus luteum will continue to produce progesterone, and to a lesser extend estrogens, which prevent the endometrium lining to shed. On the contrary, without fertilization, the corpus luteum will be degraded and progesterone, as well as estrogen level, will drop inducing menstrual bleeding [Fig11]. All these changes in the FRT affect the immune system; Wira et al. proposed that, during the secretory phase, there is a "window of vulnerability" where the FRT is more susceptible to STI acquisition [108].

Hormonal changes in the FRT induce several modifications of the immune system involving secreted molecules (antimicrobial peptides, cytokines and chemokines), epithelial cells, fibroblasts and immune cells [108]. 

Regulation of the immune cell composition by the menstrual cycle

Concerning immune cell regulation, several studies have shown a variation of immune cell numbers in the uterus but not in the vagina throughout the menstrual cycle [115,162].

Indeed, at the ovulation and during the menstruation, there is an increased number of NK cells, neutrophils and macrophages in the uterus [106,115]. NK cells number can reach up to 70% of total cells in the endometrium after the peak of progesterone [106,115,116]. In the upper tract, the size of lymphoid aggregate (LA) varies due to the hormonal cycle, with a larger size during secretory stage compared to the proliferative stage. Moreover, LA are absent in the uterus of postmenopausal women. LA might be involved in cell-mediated immunity that occurs in the uterus during the secretory phase when ovulation and implantation are most likely to occur [164]. In postmenopausal women, Th17 subset is increased in the endometrium but not in the cervix compared to premenopausal women.

The lower concentration of Th17 cells in premenopausal women might be necessary for efficient fertilization and implantation [108,163]. Some studies have shown that the concentration of antimicrobial peptides varies during the menstrual cycle. Indeed, the concentration of SLPI, HBD-2, HNP-1, HNP-2, HNP-3 and lactoferrin are decreased during ovulation and 7-14 days after, during the secretory phase, and return to higher levels after menstruation during the proliferative phase [169]. A summary of factors that are impacted by menstrual cycle can be seen on figure 12. 

Regulation of antimicrobial peptides by the menstrual cycle

Regulation of cytokines and chemokines by the menstrual cycle

Hormonal cycle and STI susceptibility

Wira et al. suggested that a suppression of the immune system occurs at the end of the secretory phase to prevent rejection of the fetus, thanks to cell recruitment and decrease of AMP for instance. The authors proposed that during this phase, there is a "window of vulnerability" that increased susceptibility for STI acquisition (HIV- Chapter III: Vaginal microbiota

General information about the microbiota

The term microbiota was defined by Joshua Lederberg as "the ecological community of commensal, symbiotic, and pathogenic microorganisms that literally share our body space and have been all but ignored as determinants of health and disease". The microbiota represents 90% of the total cell number of the human body, and only 10% are human cells Recent studies have highlighted the impact of the vaginal microbiota on STI acquisition: for HIV-1 infection [190,191] and Chlamydia trachomatis infection [192] for instance.

Vaginal microbiota composition (eubiotic vs dysbiotic)

In humans, eubiotic vaginal microbiota is characterized by the dominance of one genus, Lactobacillus spp., which maintains an acidic pH in the vagina (pH = 4 to 5) thanks to lactic acid production. It also maintains a low inflammatory environment through the production of bactericide and bacteriostatic components like H2O2. Left panel represent a Lactobacillus spp dominant microbiota and right panel a diverse vaginal microbiota composed of anaerobic bacteria (ie G.vaginalis, Prevotella spp., Sneathia spp...). Adapted from [START_REF] Petrova | Vaginal microbiota and its role in HIV transmission and infection[END_REF]Anahtar MN et al., 2018 [104, 204]. 

Factors impacting the vaginal microbiota

Various factors are known to influence the vaginal microbiota, such as hormones, contraceptive use, sexual behaviours, ethnic status etc. Recently, others factors including nutrition, stress or tobacco use have also been shown to influence the vaginal microbiota composition. Indeed, a relationship between oral and vaginal microbiota have been observed in 94 adolescent women. Authors have observed an increased diversity in the salivary microbiota of women suffering from BV [221]. In addition, vegetarian diet is associated to a higher vaginal microbiota diversity compared to non-vegetarian. In the same study, the authors also described an increased alpha-diversity with exercise time per day, suggesting an impact of diet and metabolism on the vaginal microbiota composition [222].

In a cohort composed of 20 smoker's women and 20 non-smokers women, the authors found an association between low proportions of Lactobacillus spp. in the vaginal microbiota of smoking women [223]. Finally, a review discussed the importance of stress hormone such as cortisol in regulating vaginal glycogen deposition, thus in the maintenance of a healthy environment (eubiosis) [224].

Hormones

The vaginal microbiota composition changes drastically throughout a woman life. After At the puberty, the vaginal microbiota composition drastically changes with an increase of Lactobacillus spp and a decrease of vaginal pH. Those changes coincide with an increased level of estrogen, inducing thickness of the vaginal epithelium and rise in glycogen deposits in vaginal epithelial cells. In a cohort study of African-American women, free glycogen in vaginal fluids has been associated with a vaginal microbiota predominantly composed of Lactobacillus and a low vaginal pH [208]. Moreover, L. crispatus and L. jensenii levels were higher in vaginal fluids exhibiting high concentrations of free glycogen. However, L. iners

was not found at higher level in sample containing high amount of free glycogen. No positive correlation was observed between free glycogen and estrogen level measured in vaginal fluids. However, a negative correlation was observed between progesterone and cell free glycogen [226]. The authors hypothesis that the absence of positive correlation between estrogen and cell free glycogen is due to a lag time between estrogen increased, epithelial cells shedding and glycogen release. Nevertheless, Lactobacillus do not use glycogen but rather glycogen break-down products. Indeed, α-amylase present in vaginal fluids will degrade glycogen into maltose, maltotriose and maltotetraose which are necessary for Lactobacillus spp. growth [227] [Fig15]. In a recent paper, community change rate and diversity measured by alpha diversity were negatively correlated with estradiol levels, whereas the relative abundance of Lactobacillus was positively correlated to estradiol levels.

This hormone was not measured but obtained from previously established values by Minassian and Wu, Int J Gynecol Obstets 1993 [222, 228] Increased level of estrogen enhances epithelial shedding and release of glycogen in the vagina. The glycogen is then degraded by α-amylase into glycogen break down like maltose, which is took up by Lactobacillus spp. to produce lactic acid. Then lactic acid induces an acidic environment that enhances lactobacilli growth and inhibits anaerobic bacteria growth.

In postmenopausal women, there is a decrease of estrogen level, inducing change in vaginal microbiota composition. Indeed, the vaginal microbiota in postmenopausal women is dominated by L. iners and G. vaginalis and a lower abundance of several bacteria including Sneathia, Mobiluncus,Bifidobacterium,Gemella [230]. Glycogen levels in vaginal fluids of postmenopausal women is significantly lower compared to premenopausal women, that correlate with a lower median vaginal pH (4 vs 4,6) [231].

Contraceptive use

Contraceptive use is also involved in the modulation of the vaginal microbiota. users [233]. Another study showed that women using progestin-only contraceptives have a modified periodic variation of the vaginal microbiota and a lower Lactobacillus abundance compared to women using combined contraceptives [222].

Ethnic status

Ravel et al. have studied the vaginal microbiota of North American women from four ethnic groups (white, Hispanic, black and Asian). Vaginal microbiota dominated by Lactobacillus spp. were observed in 80.2% and 89.7% of asian and white women respectively.

However, only 59.6% and 61.9% of hispanic and black women display a vaginal microbiota Introduction 68 dominated by Lactobacillus. A higher prevalence of non-Lactobacillus dominated vaginal microbiota was observed in hispanic and black women as well as a higher vaginal pH [193].

A recent study has also shown that a minority of South African women have a Lactobacillus dominant microbiota (37%), among them 77% have a vaginal microbiota dominated by L.

iners [195]. The authors also observed that 45% had a Gardnerella dominant microbiota and the remaining 55% had a diverse vaginal microbiota with at least 10% of Prevotella. Despite the lack of Lactobacillus dominancy, those women are considered as healthy.

Sexual behaviors, hygiene & STI

BV acquisition has been correlated with several factors: history of prior STI, high number of sexual partners, new sexual partner when the symptoms occur and douching [236]. Douching has been reported to alter vaginal flora, and is associated with BV. This practice is more common among black women, who exhibit a more diverse microbiota, compared to hispanic or white women [237]. Vaginal douching is also associated to a higher local inflammation in BV+ women, which is known to increase the risk of STI acquisition [238]. The male partner of BV+ women have penile skin communities similar to the vaginal communities of their sexual partner, supporting the hypothesis of BV transmission through sexual contact [239]. A study performed in heterosexual couples showed that the enrichment of penile Dialister and Megasphaera species was positively associated with BV. Moreover, those species were also increased in BV positive women, suggesting that BV associated bacteria could come from the penile microbiota of the sexual partner [240].

STI acquisition is also an important factor that induced vaginal microbiota modification.

In a cohort-based study, 46% of the women had bacterial vaginosis and with a higher risk for N. gonorrhoeae or CT infection. Extracted from Kroon et al., 2018 [245].

Modulation of the immune system by the vaginal microbiota

The vaginal microbiota of 236 HIV uninfected women from the FRESH (Female Rising through Education, Support and Health) cohort was studied and divided into 4 community state type (CST). Only 37% of the women had a Lactobacillus dominant microbiota divided in non L. iners Lactobacillus (CST1) and L. iners predominant microbiota (CST2), 45% had a G. vaginalis dominant microbiota (CST3) and 18% had no consistent predominant bacteria but had at least 10% of Prevotella (CST4). Women with CST4 were four times more likely to have elevated genital pro-inflammatory cytokines, compared to those with CST1-3. More precisely, IL-1α, IL-1β, TNFα, IFNγ, IL-8, IL-12-p70, IL-4, IL-10, and FMS-like tyrosine 3 ligand (FLT-3L) were significantly increased in women with CST4 compared to women with CST1.

Women with CST3 exhibited a less pronounced increase in cytokines levels, with only significant higher IFNγ and a trend towards higher TNFα, IL-8 and IL-10. IL-1α, IL-1β and TNFα were strongly associated with CT in women that had a change in microbial communities during follow-up visits. Six bacteria in women with CST4 were highly correlated with inflammation: Fusobacterium, Aerococcus, Sneathia, Gemella, Mobiluncus and Prevotella In human cervical cytobrushes, there were no differences in CD11 + DC or CD14 + monocytes and macrophages frequency when comparing BV + and BV -women. However, in women with highly diverse microbiota, there were gene upregulations for NF-κB, TLR, NOD like receptor and TNFα signaling pathways in cervical APCs, most likely with LPS acting as the upstream regulator. CD4 + T cells frequency, obtained from cervical cytobrushes for those women, were higher and cells were more activated (HLA-DR + , CD38 + , CCR5 + ) [195].

Interestingly, Lennard et al. did not found any differences in the frequency of CD4 + CCR5 + cells in cervical cytobrushes of BV + women suggesting the implication of other factors in the increased susceptibility of BV + women to HIV-1 [246]. BV + women, treated with 500mg metronidazole for 7 days (twice daily), that did not resolve the infection, exhibited high level of IL-1β, TNFα and ICAM-1 and low level of SLPI and GRO-α compared to BV -women.

Gardnerella species were higher in samples of women having an unresolved BV. Ectocervical tissues of BV -women harbored higher number of CD45 + cells, including CD3 + , CD8 + and HLA-DR + cells. Nevertheless, BV + women had higher number of CD4 + and CCR5 + cells [251].

Cervicovaginal lavage (CVL) of 50 Rwandan female sex workers were collected for the microbiota and the proteome was analysized. The microbiota has been clustered in 4 groups:

L. crispatus dominated microbiota (group 1), L. iners dominated microbiota (group 2), moderate dysbiosis (group 3) and severe dysbiosis (group 4). MUC5B was increased from cell induces the depletion of the tryptophan pool, leading to no infection of the cells (36h post infection). In this experimental setting, adding indole (36h post infection) in the medium promotes epithelial cells infection with CT (72h post infection). Indeed, supernatant of indole, producing bacteria such as Prevotella intermedia and Prevotella nigrescens also promotes CT infection in presence of IFNγ [31]. Interestingly, in vitro, IFNγ induced persistent CT phenotype was described to have a distinct proteome profile compared to EB and RB with a high expression of TrpA and TrpB [START_REF] Østergaard | Quantitative Protein Profiling of Chlamydia trachomatis Growth Forms Reveals Defense Strategies Against Tryptophan Starvation[END_REF]. These proteins are essential for tryptophan synthesis using indole produced by anaerobic bacteria present in the FRT [21].

Ratios of kynurenine/tryptophan are higher in vaginal fluids of CT infected women, and correlated with high abundance of Streptococcus spp. and Peptoniphilus spp. Moreover, 94%

of the samples of CT infected women exhibited a high abundance of indole producing bacteria such as Porphyromonas asacharolytica, Propionibacterium acnes, Fusobacterium nucleatum, Enterococcus faecalis, Peptoniphilus harei and E. coli [261]. CT can retain a subset of genes involved in tryptophan synthesis (trpA, trpB and trpR genes) and use them to synthesize tryptophan from indole, leading to CT growth and infection [16].

Microbiota & HIV-1

In the FRESH cohort, 31 women out of 236 were infected with HIV-1 despite HIV prevention counseling. Women with a high vaginal microbiota diversity and a low abundance of Lactobacillus (CT4) had a 4-fold increased risk for HIV acquisition compared to women with a microbiota dominated by L. crispatus (CT1). Moreover, the authors observed that none of the women with L. crispatus dominated microbiota acquired HIV-1.

Women with CT4 had a 17-fold increase in HIV target cells in the FRT with elevated MIP-1α and MIP-1β, which attracts CCR5+ cells. CVL of women with CT4 had higher level of IL- Nevertheless, they observed adenine production in the culture medium, which is able to block endocytosis of TFV into human cells, leading to decrease protection against HIV-1.

They also observed that TFV is transported and metabolized by L. crispatus but not L. jensenii and L. iners. The authors hypothesize that L. crispatus could be a reservoir that gradually release TFV into the vagina. Finally, they observed that the inhibitory effect of the vaginal microbiota was overcome at higher drug levels, suggesting that sustained drug delivery could be sufficient to induce protection. However, decrease of drug level might lead to a decreased efficacy of antiretroviral due to adenine and high pH. The pharmacokinetics of tenofovir deoproxil fumarate and tenofovir alafenamide were not impacted by the vaginal microbiota [270]. The efficacy of daily oral PrEP for HIV prevention among women with highly diverse microbiota were not impacted, compared to women with a Lactobacillus dominant microbiota [271].

Relationship between the microbiota & neutrophils

In the gut, neutrophils are highly impacted by the microbiota. The gut microbiota is essential for neutrophil production and priming. and numerous offsprings at each litter. Moreover, genetic engineering or microbiota modification can be easily performed in mouse model for instance [45,282]. However, substantial differences can be highlighted between the mouse models and humans.

Divergence between humans and mice occurs between 65 and 75 million years ago [283,284]. Differences in terms of innate and adaptive immune responses can also be highlighted:

the balance of leukocyte subsets (T and B cells), neutrophils and soluble factor production Overall, cynomolgus as well as rhesus macaques are suitable animal models to study human physiological situations, pathogenesis, immune responses against infectious diseases or safety/efficacy of vaccines and therapies.

Female Reproductive Tract (FRT) in macaques

Menstrual cycle

The female reproductive tract of cynomolgus macaques is closely similar to the one in women in terms of morphology, endocrine system and menstrual cycle [298]. The menstrual cycle in rhesus and cynomolgus macaques (28-32 days) is similar to the one observed in humans (28-30 days). The follicular phase lasts 12 to 14 days, and the luteal phase around 

Immune cell distribution

The localization and phenotype of immune cells are similar in the human and cynomolgus macaque FRT. Indeed, Marlin et al. have characterized the immune cell proportions in the vagina, cervix, uterus and fallopian tubes of cynomolgus macaques. T lymphocytes are the main leukocyte population, with a higher number of CD8 + T cells (40% of total leukocytes) compared to CD4 + T cells (20% of total leukocytes in the lower FRT, 10%

in the upper tract). Moreover, T cells exhibit a memory phenotype: CD4 + T cell expressed makers of central memory phenotype (CD28 + /CD95 + ) and CD8 + T cells exhibit a central memory and effector memory phenotype. B lymphocytes represent a minor population in the FRT. NK cells represent less than 4% of total leukocytes in the FRT, however, this percentage reaches 15% of total leukocytes in the uterus. Myeloid DC and CD14 + cells represent 2.2% and 5.6% of total leukocytes in the FRT. Those cells were observed in all compartments, but are increased in the uterus. Finally, neutrophils were mainly observed in the cervix (6.8% of total leukocytes) and in the upper tract (1.8% and 2.3% of total leukocytes in the uterus and fallopian tubes respectively) [301].

Vaginal microbiota

The 

STI infections in cynomolgus macaques i. Simian Immunodeficiency Virus (SIV) infection

SIV is a lentivirus closely related to HIV, which has ~55-60% of homology with HIV- 

ii. CT infection in cynomolgus macaques

The mouse model has been widely used to study CT infection. However, the mouse reproductive tract exhibits structural and functional differences compared to the woman FRT. 

Hypothesis

Heterosexual transmission from male to female is the major route of STI and occurs via the FRT mucosae. The vaginal mucosa is the first line of defense against pathogens invasion and is composed of a wide array of environment factors that are subject to hormonal cycle influence. These factors present within the FRT, including the vaginal microbiota composition, influence the susceptibility to STI by modulating the local inflammation. A high inflammatory environment has been shown to facilitate STI acquisition while a low inflammatory environment is more protective. Furthermore, a pre-existing infection increase the risk for co-infection. It is essential to understand how the hormonal cycle influences the local factors for a better understanding of the impact on STI acquisition and immune responses. Chlamydia trachomatis (CT) is the bacterial agent responsible of an STI that is often detected in young women. This STI induces a local inflammation that, in the worse cases, induces infertility and that enhances the risk to be infected by a second STI such as HIV-1. Therefore, a better understanding of the interaction between CT and the mucosal physiology and immunity is very important.

The aim of this project was to, on one hand, understand the interplay between inflammatory markers and vaginal microbiota according to hormonal phases in vivo, and on the other hand, ascertain the influence of the mucosal environment (i.e. vaginal microbiota composition) on CT infection and on the inflammation induced by CT in vivo and in vitro.

Our hypothesis were the following: (1) the local environment (including immune cells, soluble factors and the microbiota) and the level of inflammation is modified according to the menstrual cycle phases, (2) the manipulation of the vaginal microbiota (enrichment with Lactobacillus spp.) modulates the immune responses/inflammation and consequently affects CT susceptibility and/or CT-induced inflammation.

To test these hypotheses, we develop in vivo approaches in a non-human primate pre-clinical model and an Human in vitro model to dissect some of the mechanisms involved.

Objectives

The objectives were to: Only the Materials and Methods not described in the articles are detailed below.

I. Lactobacillus spp. enrichment of the cynomolgus macaque vaginal microbiota

Experimental design

Single inoculation of L. crispatus capsule Three female cynomolgus macaques were followed one month prior L. crispatus capsule inoculation (Physioflor ® LP; IPRAD, Paris). Then a capsule composed of 10 9 L. crispatus was inoculated intravaginally once a week during four weeks. If a significant decrease of the Nugent score was observed (between 0 to 3), then the next inoculation was postponed until the loss of Lactobacillus. At the time of menstrual bleeding, no inoculation was performed.

Metronidazole pretreatment followed by L. crispatus capsule inoculation

Five female cynomolgus macaques were treated with a metronidazole vaginal ovule (concentration ranging from 150mg to 200mg) (Flagyl®; SANOFI Aventis, Paris) two days before each inoculation of a L. crispatus capsule (Physioflor ® LP; IPRAD, Paris). This experimental schedule was performed at least twice with a minimum of two weeks interval between two metronidazole treatments. At the time of menstrual bleeding, no inoculation was performed.

In a second set of experiment, three animals were treated with Depo-provera (30mg) by intramuscular route (IM) one month before vaginal microbiota modification. Protocol of microbiota modification was identical to the one previously described including metronidazole and L. crispatus capsule inoculation.

Sucrose intravaginal treatment

Five female cynomolgus macaques were studied but only three received a Depoprovera injection (30mg) by IM route one month before the sucrose gel inoculations. All animals received intravaginally a 9% gel of sucrose twice a week during 3 weeks.

Repeated metronidazole treatment before L. crispatus inoculations

Five female cynomolgus macaques were inoculated intravaginally with an ovule of metronidazole (Flagyl®; SANOFI Aventis, Paris) three times a week during one week. Animals were then treated intravaginally with a capsule of L. crispatus (Physioflor ® LP; IPRAD, Paris) twice a week during three weeks, then once a week during three weeks. Before each inoculation of L. crispatus capsule, the vaginal cavity was washed with 2mL of a 0.02% of lactic acid.

Repeated azithromycin treatment before L. crispatus gel inoculation

Five female cynomolgus macaques were treated orally with azithromycin (30mg/kg) three times a week during one week. Animals were then treated intravaginally with a gel of 10 10 L. crispatus twice a week during three weeks, then once a week during three weeks.

Before each inoculation of L. crispatus gel, the vaginal cavity was washed with 2mL of a 0.02% of lactic acid. 

Sample collection

Progesterone quantification

Progesterone level was determined in plasma sample by ELISA (IBL international;

Germany) according to manufacturer's instructions.

Metronidazole ovule

Each metronidazole ovule (Flagyl ® , Sanofi Aventis; Paris) of 500mg was put in a 5mL tube and dropped in a water bath set at 37°C for few hours until complete melting. Melted ovule was then used to fill a pediatric ovule (Herboristerie du Valmont; Belgium). Ovule was then stored at 4°C until inoculation.

Lactobacillus spp. culture

Cervicovaginal fluids obtained from cervicovaginal swabs were spread on a Mann Rogosa Sharp (MRS) agar plate (BD Biosciences) and cultured for 48h to 72h at 37°C with 10% CO2. Isolated colony was then cultured in MRS broth supplemented with L-cysteine (Sigma Aldrich) for 12h at 37°C with 10% CO2. Morphology of each colony was monitored by gram staining. Then, three rounds of washing with 1X PBS were performed (3min at 10 000xg) and bacteria were freezed with 30% glycerol (VWR avantor; USA).

Sucrose gel

Citrate buffer was obtained by mixing citric acid monohydrate, trisodium citrate dehydrate (Sigma Aldrich; USA) and H20 MilliQ. This buffer was then mixed with 1.5% of Hydroxyethylcellulose (HEC), 0.02% of lactic acid, and 9% sucrose (Sigma Aldrich).

Homogenization of the preparation was done using a magnetic shaker, and agitation lasted between 1 to 4h. Syringe were filled with 1mL of sucrose gel and freezed at -80°C until inoculation.

Cytokine and chemokine quantification

Pro-inflammatory and anti-inflammatory cytokines, as well as chemokines, were measured in cervicovaginal fluids and plasma in female cynomolgus macaques. U87 CD4+ CCR5+ are a cell line isolated from a glioblastoma astrocytoma (human brain) firstly transduced with MV7neo-T4 retroviral vector and selected for G418 resistance then subsequently transduced with pBABE-puro-CCR5 and selected for puromycin resistance. Cells were cultured in DMEM with 15% SVF, 1µg/mL puromycin, 300µg/mL G418, 1% glutamine and 1% Penicillin/Streptomycin.

C. trachomatis infection

Chlamydia trachomatis serovar D (D/UW3/Cx) were obtained from Dr Follmann laboratory. Chlamydia inoculum were placed directly in the culture medium of A2EN cells to obtain a multiplicity of infection of 1, 4 or 12. Cultures were then centrifugated at 700xg for one hour at room temperature. After centrifugation, medium containing extracellular CT were removed and fresh medium were added. Cultures were grown for 24h or 48h at 37°C with 5% CO2.

Bacteria from the vaginal microbiota

Lactobacillus crispatus strain IP174178 isolated from a capsule of Physioflor LP® (IPRAD PHARMA, Paris) was cultured for 48h to 72h at 37°C with 10% CO2 in a Mann Rogosa Sharp (MRS) agar plate (BD Bioscience). Isolated colony was then culture in MRS broth (BD Bioscience) for 12h at 37°C with 10% CO2. Dilution of 1/100 of the overnight culture were done in MRS broth the day of the experiment. The bacteria were used as soon as they reached exponential growth phase (5-6h after dilution, DO = 0.6).

Gardnerella vaginalis 14018 (ATCC) was cultured for 72h at 37°C in anaerobic condition in Gardnerella agar supplemented with 5% Human blood (Becton Dickinson, Le Pont de Claix). Isolated colony was then culture in Brain Heart Infusion (BHI) broth (Sigma Aldrich) for 72h in anaerobic condition. Dilution of 1/100 of the liquid culture in BHI broth was done the day before experiment. The bacteria were used as soon as they reached exponential growth phase (24h after dilution, DO = 0.6).

Interaction assay

A2EN cells were seeded in 24 well plate at 0.5.10 5 cells/mL. After 96h, confluent A2EN cells were infected of not with CT svD MOI 12 for one hour. Then culture medium was removed and fresh medium was added. L. crispatus or G. vaginalis, in exponential growth phase, at a ratio of 50 bacteria for a cell were added. The cultures were maintained for 24h at 37°C with 5% CO2. After 24h, pH measurement as well as viability test using CellTiter® were performed to confirm the good viability of the cells. Supernatants were also collected and freezed at -80°C after 0.2µM filtration.

Cytokine and Chemokine quantification

Pro-inflammatory and anti-inflammatory cytokines were measured in the supernatants collected during the interaction assays by 25plex assay for the detection of: IL-1β, IL-1RA, IL- Very few variations were observed in the rectal microbiota according to animal with a high abundance of Ruminococcaceae, Prevotella and Clostridiales. In contrast, the vaginal microbiota was more variable according to animal, four genus were highly abundant and observed in all animals: Porphyromonas, Prevotella, Fusobacterium, Peptoniphilus whereas Sneathia was highly frequent only in four females out of five.

Lactobacillus spp. were weakly present in the vaginal microbiota of those females.

When comparing the bacterial abundances in the rectal and vaginal microbiota in all animals we observed that both microbiota displayed its own bacterial profile with the vaginal microbiota being more heterogeneous. We have shown that the vaginal microbiota of female cynomolgus macaques was similar in term of taxonomic composition and relative abundance to the one of women harboring a high vaginal microbiota diversity (CST IV). Finally, variations according to time were observed in the vaginal microbiota compared to the rectal microbiota. Those fluctuations were determined to be hormone based. Indeed, changes of the vaginal microbiota composition were animal specific where taxa abundances (Mobiluncus, Bacteroides, Prevotella, Lactobacillus, 1-68, Helcococcus, Peptoniphilus, ph2, Peptococcus, f_Peptostreptococcaceae, Peptostreptococcus and Fusobacterium) varied according to progesterone level.

Overall, this study described in deep the rectal and vaginal microbiota of cynomolgus macaques, a model often used to study STI infection. Since the vaginal microbiota in women have been described to influence STI infection such as Chlamydia trachomatis or HIV-1, this project was a necessary prerequisite to further study STI susceptibility and control in this pre-clinical model.

The composition of the microbiota in cynomolgus macaques is only partially characterized, although this animal model is often used to study pathogenesis and preventive strategies against infections. We thus performed, for the first time, a longitudinal characterization of the vaginal and rectal microbiota of five cycling female cynomolgus macaques. Samples were collected weekly for 15 weeks and the V3/V4 regions of the16S rRNA gene sequenced. Sequences were analyzed with QIIME for OTU detection and taxonomic assignment. Progesterone levels were also determined to evaluate hormonal influence on bacteria relative abundance. The rectal and vaginal bacterial composition in cynomolgus macaques is polymicrobial and clearly distinct, with larger individual variability in the vagina. Rectal microbiota profiles were consistent between animals, whereas they were highly variable and animal-specific in the vagina.

In the rectum, the most abundant taxa were Ruminococcaceae, Prevotella, and Clostridiales. In the vagina, the most abundant genera were Sneathia, Porphyromonas, Prevotella, and Fusobacterium. Lactobacillus were found at relative abundances higher than 1% in only one animal and were not predominant. Comparison of the vaginal cynomolgus macaque microbiota with that of humans showed similarity to community state type IV-A usually associated with dysbiosis. In the vagina, the relative abundance of 12 bacterial genera was found to be associated with progesterone levels. Our study provides a detailed characterization of the rectal and vaginal microbiota in female cynomolgus macaques and opens new perspectives of this animal model.

INTRODUCTION

Mucosae are the main portal of entry of sexually transmitted pathogens. Several factors of the mucosal environment are known to maintain the integrity of the epithelial barrier and protect against infections [START_REF] Ferreira | Influence of common mucosal co-factors on HIV infection in the female genital tract[END_REF]. Studies of mucosae-associated microbiota are increasing exponentially and have demonstrated their impact on the protection against sexually transmitted infections (STI). It has been shown that the microbiota can influence mucosal and systemic immune functions [START_REF] Manuzak | Enhancement of microbiota in healthy macaques results in beneficial modulation of mucosal and systemic immune function[END_REF], as well as host physiology and in pathological states [START_REF] Clemente | The impact of the gut microbiota on human health: an integrative view[END_REF]Anahtar et al., 2015).

The human gut microbiota is composed primarily of four major bacterial phyla: Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria. It is involved in the maturation of the host immune system and many basic metabolic pathways, including sugar and protein fermentation [START_REF] Landman | Gut microbiota: description, role and pathophysiologic implications[END_REF]. Dysbiosis of the gastrointestinal microbiota is associated with HIV-1 disease progression [START_REF] Vujkovic-Cvijin | Dysbiosis of the gut microbiota is associated with HIV disease progression and tryptophan catabolism[END_REF].

The human vaginal microbiota plays an important role in the maintenance of an environment that protects against viral or bacterial infections, including HIV-1 (Spear et al., 2011). Lactobacillus spp. constitute the most common bacterial genus in women [START_REF] Giorgi | Identification of vaginal lactobacilli from asymptomatic women[END_REF][START_REF] Eschenbach | Prevalence of hydrogen peroxide-producing Lactobacillus species in normal women and women with bacterial vaginosis[END_REF][START_REF] Antonio | The identification of vaginal Lactobacillus species and the demographic and microbiologic characteristics of women colonized by these species[END_REF][START_REF] Ravel | Vaginal microbiome of reproductive-age women[END_REF]. Five community state types (CST) have been defined in women: CST I (Lactobacillus crispatus predominantly), CST II (Lactobacillus gasseri predominantly), CST III (Lactobacillus iners predominantly), CST IV (comprises of a wide array of strict and facultative anaerobes), and CST V (Lactobacillus jensenii predominantly). CST IV has been further divided in CST IV-A and IV-B according to the modest proportions of Lactobacillus spp. (CST IV-A) and the different proportions of various species of strictly anaerobic bacteria in the sub-classes (Gajer et al., 2012). Lactobacillus spp. can maintain a protective environment against STI by producing several factors, including lactic acid, which decreases the pH (∼4), and bacteriocins (Petrova et al., 2013;[START_REF] Tachedjian | The implausible "in vivo" role of hydrogen peroxide as an antimicrobial factor produced by vaginal microbiota[END_REF]. The composition of the vaginal microbiota varies over time depending on estrogen levels over a woman's lifespan [START_REF] Cribby | Vaginal microbiota and the use of probiotics[END_REF]. Vaginal dysbiosis is characterized by a diverse microbiota with a greater abundance of anaerobic bacteria, impaired epithelial integrity, and enhanced microbial translocation (Ziklo et al., 2016). It also induces the production of pro-inflammatory cytokines (such as TNFα or IL-8) (Anahtar et al., 2015;Borgdorff et al., 2016a), decreases mucin expression (Borgdorff et al., 2016b), and stimulates the activation of CCR5 + CD4 + T cells (Anahtar et al., 2015). Dysbiosis can lead to bacterial vaginosis (BV), the most common vaginal condition of women in reproductive age. BV can be symptomatic or asymptomatic. In women with BV, there are reduced proportions of Lactobacillus spp. and increases in the number and diversity of facultative and strictly anaerobic bacteria, including species of Gardnerella, Prevotella, and other taxa of the order Clostridiales (Fredricks et al., 2005). Vaginal and gastrointestinal live biotherapeutic products have been proposed to prevent and cure dysbiosis, and restore a functional microbiota [START_REF] Ganesh | Luminal conversion and immunoregulation by probiotics[END_REF]. These include Lactobacillus spp. formulated as live biotherapeutic products to prevent and treat bacterial vaginosis (BV) [START_REF] Homayouni | Effects of probiotics on the recurrence of bacterial vaginosis: a review[END_REF][START_REF] Braundmeier | Individualized medicine and the microbiome in reproductive tract[END_REF].

Macaques are relevant models to study pathogenesis and validate preventive strategies against the transmission of infections [START_REF] Alfson | Development of a lethal intranasal exposure model of ebola virus in the cynomolgus macaque[END_REF][START_REF] Sharpe | An aerosol challenge model of tuberculosis in Mauritian cynomolgus macaques[END_REF]. The menstrual cycle length of cynomolgus macaques (28-32 days) is similar to that of humans (28-30 days) and do not exhibit seasoning menstrual cycle in contrast to rhesus macaques (Weinbauer et al., 2008). Currently, the vaginal microbiota of rhesus [START_REF] Spear | Identification of rhesus macaque genital microbiota by 16S pyrosequencing shows similarities to human bacterial vaginosis: implications for use as an animal model for HIV vaginal infection[END_REF] and pigtailed macaques [START_REF] Spear | Longitudinal assessment of pigtailed macaque lower genital tract microbiota by pyrosequencing reveals dissimilarity to the genital microbiota of healthy humans[END_REF] have been described, but not that of cynomolgus macaques. Additionally, the fecal microbiota has been described in cynomolgus macaques [START_REF] Seekatz | Differential response of the cynomolgus macaque gut microbiota to Shigella infection[END_REF] of different origins (Mauritius, Indonesia, and the Philippines) and the analysis was performed on samples collected over a short period of time (14 days). More recently, a gut microbiome gene catalog from cynomolgus macaques was reported and compared with pig, mouse, and human gut microbiomes [START_REF] Li | Establishment of a Macaca fascicularis gut microbiome gene catalog and comparison with the human, pig, and mouse gut microbiomes[END_REF]. A metagenomic comparison of the rectal microbiota between rhesus and cynomolgus macaques was also performed [START_REF] Cui | Metagenomic comparison of the rectal microbiota between rhesus macaques (Macaca mulatta) and cynomolgus macaques (Macaca fascicularis)[END_REF].

The aim of this study was to perform a longitudinal characterization of the vaginal and rectal microbiota of cynomolgus macaques over several menstrual cycles. Sequencing of the 16S rRNA gene was performed on samples collected once a week for 15 weeks, which covers at least three menstrual cycles per animal. This study, characterizing the mucosal bacterial composition of female cynomolgus macaques, further improve our understanding of the relationship between the microbiota and hormonal cycle.

MATERIALS AND METHODS

Animal Housing

Five sexually mature macaques (Macaca fascicularis) were imported from Mauritius and housed in the Infectious Disease Models and Innovative Therapies (IDMIT) facilities at the Commissariat à l'Energie Atomique et aux Energies Alternatives (CEA, Fontenay-aux-Roses, France). The animals were housed in groups under controlled conditions of humidity, temperature, and light (12-h light/dark cycles). Water was available ad libitum. The animals were monitored and fed with commercial monkey chow (6020 formula, Altromin, Germany) and fruit once or twice a day by trained personnel and were provided with environmental enrichment, including toys, novel foodstuffs, and music, under the supervision of the CEA Animal Welfare Officer. The 6020 formula is a cereal-based (soy, wheat, and corn) fixed formula which is free of alfalfa and fish/animal meal and deficient in nitrosamines. This maintenance diet was designed as complete feeding stuff for adult NHP. The five animals in this study were housed in two different rooms into level-3 facilities. They were between 3 and 5 years old, weighed between 3.09 and 3.79 Kg, had different MHC genotypes (Table 1), and were never pregnant.

Experiment Design and Sample Collection

Sample collection was performed once a week for 15 weeks (Figure 1A), corresponding to approximately three menstrual 

Determination of Progesterone and Estradiol Concentrations

Plasma levels of progesterone (Figure 1B) were determined weekly for the five animals (15 samples per animal) using an ELISA kit from IBL International (Hamburg, Germany). Plasma levels of estradiol were determined at the same timepoints using the Invitrogen TM Novex TM Estradiol Human Elisa kit (Göteborg, Sweden).

DNA Extraction and 16S rRNA Gene Sequencing

The PowerFecal DNA isolation kit from MOBIO (Qiagen, Courtaboeuf, France) was used following the instructions of the manufacturer. PCR was performed using the 16S rRNA gene Amplicon PCR Forward Primer, 5 ′ TCGTCGGCAGCGTCAGA TGTGTATAAGAGACAGCCTACGGGNGGCWGCAG and the 16S rRNA gene Amplicon PCR Reverse Primer, 5 ′ GTCT CGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACH VGGGTATCTAATCC, which target the 16S rRNA gene V3 and V4 regions selected from Klindworth et al. publication [START_REF] Klindworth | Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-generation sequencing-based diversity studies[END_REF]. PCR was performed using KAPA HIFi HotStart ReadyMix (KAPA Biosystems, Roche, Boulogne Billancourt, France). The following conditions were used: initial denaturation at 95 • C for 3 min, followed by 25 cycles consisting of denaturation ( 95• C for 30 s), annealing (55 • C for 30 s), and extension (72 • C for 30 s) and a final extension step at 72 • C for 5 min. PCR products were purified with AMPure XP beads (Beckman Coulter, Villepinte, France). To prepare DNA libraries for Illumina MiSeq using Nextera XT Index Kit (Illumina), PCR reactions were performed with the primers provided in the kit. The following conditions were used: initial denaturation at 95 • C for 3 min, followed by eight cycles consisting of denaturation ( 95• C for 30 s), annealing (55 • C for 30 s), and extension (72 • C for 30 s) and a final extension step at 72 • C for 5 min. A second purification with AMPure XP beads was performed. Sequencing of the V3/V4 region of the 16S rRNA gene was performed on the Illumina MiSeq platform of Institut Pasteur (Paris, France) following the instructions of "16S Metagenomic Sequencing Library Preparation" (ref: 15044223 Rev.B).

Sequencing Data Processing and Quality-Control Filtering

Paired-end sequenced reads were assembled using FLASH [START_REF] Magoc | FLASH: fast length adjustment of short reads to improve genome assemblies[END_REF] with default parameters. Only assembled reads with a length >400 bases were retained for analysis. Sequencing adaptors were removed using cutadapt [START_REF] Martin | Cutadapt removes adapter sequences from high-throughput sequencing reads[END_REF]. Reads were trimmed using the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). Finally, assembled reads with a quality score <28 in more than 95% of the sequence were discarded. The number of assembled and QC-filtered reads per sample ranged from 3,608 to 260,786 for rectal microbial profiles and 1,666-440,707 for vaginal microbial profiles. The number of assembled and QC-filtered reads per sample ranged from 7 to 188 for room control microbial profiles.

OTU Identification, Taxonomic Assignment, and Statistical Analyses

Microbiota profiles were analyzed using QIIME (version 1.9.1) (Caporaso et al., 2010b). Rectal and vaginal microbiota analyses were performed separately and independently for each animal. OTU picking was performed using the uclust algorithm [START_REF] Edgar | Search and clustering orders of magnitude faster than BLAST[END_REF] with identity set at 97%. Representative sets of sequences were aligned with the PyNAST algorithm (Caporaso et al., 2010a). Taxonomic assignments were performed using the RDP classifier [START_REF] Wang | Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy[END_REF] trained on the Greengenes database [START_REF] Desantis | Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB[END_REF]. Taxa with abundance <1% in all animals were filtered out and aggregated to provide a complete view of the rectal and vaginal compartments. Alpha diversity was calculated based on the Simpson diversity index. Statistical analyses to identify associations between progesterone level and taxon relative abundances were performed using the MetagenomeSeq's fitZIG algorithm (Paulson et al., 2013). Species-level assignments for Lactobacillus associated reads was performed using BLAST [START_REF] Boratyn | BLAST: a more efficient report with usability improvements[END_REF]. Jensen-Shannon divergences were computed using the philentropy R package.

Graphical and Multidimensional Scaling Representations

Graphical representations of relative taxonomy abundance were generated using GraphPad Prism version 7 for Windows (GraphPad Software, La Jolla California USA, www.graphpad. com), Tableau Software (version 10, Seattle Washington USA), and R software (https://www.r-project.org/). The tree representation showing the taxa commonly or specifically found in the rectum and vaginal tissues was constructed as the union of the two taxonomic trees generated by QIIME. Multidimensional scaling (MDS) representations were generated based on the SVD-MDS algorithm [START_REF] Becavin | Improving the efficiency of multidimensional scaling in the analysis of highdimensional data using singular value decomposition[END_REF]. Distances between microbial profiles were computed as Euclidian distances between their relative abundances of identified taxa. The Kruskal Stress indicated in each MDS representation corresponds to the percentage of information lost in the dimensionality reduction process.

RESULTS

Rectal and Vaginal Microbiota Are Highly Diverse With Greater Variability Between Individuals in the Vaginal Compartment

Five cynomolgus macaques were included in this study to characterize their vaginal and rectal microbiota. Sample collection was performed once a week for 15 weeks (Figure 1A), corresponding to approximately three menstrual cycles. Plasma levels of progesterone (Figure 1B) were determined weekly for the five animals.

We first aimed to identify the taxa present in the rectal and vaginal microbiota of the five cynomolgus macaques, regardless of their kinetics, and quantify their relative abundance. We identified taxa present in the rectum and vagina for each animal and then combined OTU having the same taxonomic level for each compartment to account for potential individual variability. Only taxa identified with an abundance >1% in at least one animal and one timepoint were considered.

We identified taxa from 12 phyla in rectal samples and nine phyla in vaginal samples (Figures 2A,B). Firmicutes was the major phylum detected in the rectum of all the animals, whereas Bacteroidetes was the major phylum in the vagina. This was followed by Bacteroidetes in the rectum and Firmicutes and Fusobacteria in the vagina. In the rectum, Fusobacteria represented <1% of the bacteria. Proteobacteria were detected in both the rectum and vagina at >1% abundance, together with Spirochaetes in the rectum and Actinobacteria in the vagina.

Individually, the most representative phyla in the rectum were, in order of decreasing abundance: Firmicutes, Bacteroidetes, Proteobacteria, and Spirochaetes, except for one animal (CB804C) that had a higher abundance of Spirochaetes than Proteobacteria (Supplementary Table 1). In the vagina, more than 90% of the bacteria were comprised of Bacteroidetes, Firmicutes, and Fusobacteria, but not always in the same order of abundance, except for animal CB804C (Supplementary Table 2). CB804C vaginal samples had a greater abundance of Actinobacteria than the other animals. CBL015 had a higher and CCA096 a lower abundance of Fusobacteria. Actinobacteria and Proteobacteria were also present in all the animals.

We identified 31 genera in cynomolgus macaque rectal samples (Figure 2C and Supplementary Table 3), and when the genus or subsequent taxa could not be assigned, we identified 15 families, six orders, and one class. Among all the animals, seven genera, five families, and three orders had an abundance >1% (Table 2). Thirteen of the 15 identified taxa with an abundance >1% in the entire cynomolgus macaque population were identified in all animals and three (f_Ruminococcaceae, Prevotella, and o_Clostridiales) were identified in all rectal samples (Table 2). The most abundant taxa in the rectum (Figure 2C, lower pie charts) were, in order of decreasing abundance: f_Ruminococcaceae (min 24.1%-max 30.0%), Prevotella (14.1-20.6%), and o_Clostridiales (5.8-11.1%), except for one animal (CCA096). For CCA096, f_S24-7 (9.3%) and f_Lachnospiraceae (6.2%) were more abundant than o_Clostridiales (5.8%).

We identified 32 genera in cynomolgus macaque vaginal samples (Figure 2D and Supplementary Table 4), and when the genus or subsequent taxa could not be assigned, we identified 10 families, three orders, and one phylum. Among all animals, 14 genera and one family had an abundance >1% (Table 3). Eleven of the 15 identified taxa with an abundance >1% in the entire population were identified in all animals, and none were identified in all vaginal samples (Table 3).

The most representative genera in the vagina (Figure 2D, lower pie charts) were different for each animal. For example, Sneathia was an abundant genus in four animals (mean ranging from 13.7 to 26.2%) but was not present in animal CCA096. Peptoniphilus (18.6%) was abundant in CCA096 but present at relative abundances ranging between 4.4 and 8.5% in the other animals. Porphyromonas was the most abundant genera in two animals (>20% in CA086 and CCA096), whereas it was only present at an abundance of 3.1% in CB804C. Similarly, Prevotella, predominated in the vaginal microbiota in two animals (>20% in BA890I and CB804C) but was only present at abundances of 2 and 9.7% in two others (CBL015 and CA086, respectively). Peptostreptococcus, Mobiluncus, Anaerococcus, 1-68, and Campylobacter were present in all animals at abundances ranging from 3.6 to 0.5%. Non-identified taxa were also present in the vagina of all animals from an abundance of 1.7-3.6%. CB804C had the highest number of identified taxa (34) and was also the only one to have detectable Lactobacillus in its vaginal microbiota (mean abundance of 2.46%) (Figure 2D, lower pie charts). Lactobacillus was present in all 15 collected vaginal samples but varied in abundance from 0.06 to 10.54%. The QIIME analysis was unable to determine the specific species based on the GreenGene database. Further analysis, using RefSeq database [START_REF] Pruitt | NCBI reference sequences (RefSeq): a curated non-redundant sequence database of genomes, transcripts and proteins[END_REF] identified the closest Lactobacillus species, in terms of sequence homology to be closely related to Lactobacillus crispatus (52.13%), Lactobacillus helveticus (23.40%), and Lactobacillus acidophilus (8.51%) (Table 4).

Overall, we identified a large set of taxa in the cynomolgus macaque rectal and vaginal microbiota. Taxa differed in terms of abundance between the five animals with greater variability in relative abundance and composition in the vaginal microbiota.

The Vaginal Macaque Microbiota Is More Heterogeneous Than the Rectal Microbiota

We next compared the macaque rectal and vaginal microbiota and assessed their similarity and specificity. We created a tree representation (Figure 3A) to compare the taxonomic composition of the macaques' rectal and vaginal microbiota. Taxa are reported and classified with their associated phylum, class, order, family, and genus for clarity. Among the 31 genera identified in rectal samples, 17 (55%) were specific to this tissue. Among the 32 genera identified in vaginal samples, 18 (56%) were specific to this tissue. A total of 14 genera were found both in the rectal and vaginal samples.

We created a MDS representation (Figure 3B) to compare the rectal and vaginal microbial profiles in terms of taxa composition at the genus level. Rectal and vaginal samples were well-segregated. The variability of microbiota composition in the vagina was higher than that of rectum. We qualified sample variabilities by inter-class similarity (IC), which was 0.7334 for the rectum and 2.0351 for the vagina. Overall, vaginal and rectal samples were different in terms of relative taxa abundance, with higher taxonomic composition variability in vaginal samples.

Our analyses revealed that vaginal and rectal microbiota share about half of the detected taxa at the genus level. The cynomolgus macaque vaginal microbiota showed higher variability between animals in both taxa composition and relative abundance.

Vaginal Cynomolgus Macaque Microbiota Display Similar Composition and Abundance to Woman Vaginal Microbiota Belonging to CST-IV-A

We compared the cynomolgus macaque vaginal microbial profiles with those of humans using a previously published dataset of human vaginal samples collected cross-sectionally [START_REF] Ravel | Vaginal microbiome of reproductive-age women[END_REF]. This dataset consists of samples from 376 patients assigned to five community state types (CST) designated CST I, II, III, IV-A, IV-B, and CST V. The MDS analysis clearly showed that the cynomolgus macaque vaginal microbiota is most similar, in terms of taxonomic composition and relative abundance, to a subset of women's vaginal microbiota belonging to CST IV-A (Figure 3C).

The Kinetics of Rectal Microbiota Profiles Are Constant and Similar Between Animals, but the Kinetics of Vaginal Microbiota Profiles Are Highly Variable and Animal-Specific

We next displayed the kinetics of the taxonomic profiles in both rectal and vaginal samples collected within animals over 15 weeks and quantified their variability at each timepoint for each macaque.

We generated streamgraph representations for both the rectal (Figure 4A) and vaginal (Figure 4B) microbiota of each macaque to visualize the kinetics of taxonomic profiles. The kinetics were more stable for the rectal microbiota (mean of all 5 animals Jensen-Shannon divergence medians across all time points = 0.0796) than those of the vagina (0.1394). The rank of the most abundant taxa throughout the study was consistent among the different animals in the rectum but was not in the vagina. Several taxa, such as Lactobacillus, were not detectable at all timepoints in the vagina.

For the rectum, the number of taxa per timepoint was between 15 and 25, without major differences between timepoints or animals (Supplementary Table 5). For the vagina, the number of taxa per timepoint varied between seven and twenty, with differences between timepoints and animals (Supplementary Table 6).

We quantified the change in alpha diversity, calculated using the Simpson diversity index, for each animal between consecutive timepoints (Figure 4C). The mean alpha diversity was 0.8957 (standard deviation = 0.0465) for the rectal samples whereas the mean alpha diversity was 0.8279 (standard deviation = 0.0529) for the vaginal samples, indicating that the change in diversity is higher in the vagina. The alpha diversity of vaginal samples peaked at various timepoints and was particularly apparent for some animals (e.g., animal CB804C).

These analyses show different kinetics of taxonomic profiles over 15 weeks in both the rectal and vaginal microbiota. In the rectum, similar kinetics were observed between animals, whereas in the vagina, longitudinal profiles were diverse and clearly different between animals. These observations were supported by alpha diversity changes computed between each timepoint for each animal.

Hormonal Cycles of Female Macaques Influence the Vaginal Microbiota

We then explored whether the lack of stability in vaginal microbiota profiles in cynomolgus macaques is associated with the hormonal cycle. Hormonal cycles were defined by progesterone plasma levels, measured weekly for each animal. This analysis was performed separately for each animal to account for individual variability.

Microbial profiles were classified into two groups, representing low (proliferative phase) or high (secretory phase) progesterone levels. For each animal, we compared the relative abundance of the 47 taxa identified in the vaginal microbiota between the two groups of samples (high vs. low progesterone levels). This differential analysis identified 12 taxa (26% of vaginal taxa) that were differentially abundant in at least one animal according to the progesterone level (Figure 5A), consisting of Mobiluncus, Bacteroides, Prevotella, Lactobacillus, 1-68, Helcococcus, Peptoniphilus, ph2, Peptococcus, f_Peptostreptococcaceae, Peptostreptococcus, and Fusobacterium.

For example, f_Peptostreptococcaceae was associated with hormonal cycling in animal BA890I, as well as Fusobacterium, Lactobacillus, and Peptoniphilus in animal CB804C (Figure 5B). Peptostreptococcaceae was statistically associated (p = 0.0209) with the hormonal cycle in animal BA890I, with lower relative abundance in the secretory phase (low progesterone levels). Fusobacterium was statistically associated (p = 0.0033) with the hormonal cycle in animal CB804C, with a lower abundance in the proliferative phase (high progesterone levels). Conversely Lactobacillus (p = 0.0058) and Peptoniphilus (p = 0.0301) in animal CB804C had statistically higher abundance during the secretory phase. Overall, 11 taxa were more abundant during the secretory phase, whereas eight were more abundant in the proliferative phase (Figure 5B and Supplementary Figure 1). In summary, approximately one-quarter of detected vaginal taxa were associated with hormonal cycling.

Thus, time in the menstrual cycle is associated with differential relative abundance of vaginal microbial taxa in macaques. Approximately, a quarter of all identified vaginal taxa had abundances associated with phases of the menstrual cycle in each animal. This proportion dropped to 9% when considering the entire cohort, highlighting considerable individual variability in the bacterial composition and abundance in the cynomolgus macaque vaginal microbiota.

DISCUSSION

We describe here the composition and dynamics of the rectal and vaginal microbiota in female cynomolgus macaques over 15 weeks capturing at least three menstrual cycles. This is the first time that such a longitudinal study has been reported comparing the microbiota composition of both body sites in the same animals and assessing the hormonal impact.

The major phyla found in the rectum of the cynomolgus macaques are consistent with previous reports on the fecal microbiota of cynomolgus macaques [START_REF] Seekatz | Differential response of the cynomolgus macaque gut microbiota to Shigella infection[END_REF][START_REF] Cui | Metagenomic comparison of the rectal microbiota between rhesus macaques (Macaca mulatta) and cynomolgus macaques (Macaca fascicularis)[END_REF][START_REF] Li | Establishment of a Macaca fascicularis gut microbiome gene catalog and comparison with the human, pig, and mouse gut microbiomes[END_REF]. The composition of the cynomolgus rectal microbiota is similar to that of high diversity community type II, previously characterized by higher relative abundance of taxa of both Firmicutes (Ruminoccoccae) and Bacteroidetes (Prevotella) and lower abundance of Lactobacillus [START_REF] Seekatz | Differential response of the cynomolgus macaque gut microbiota to Shigella infection[END_REF]. Firmicutes and Bacteroidetes are also the major phyla found in rectal swabs or feces in humans. The cynomolgus rectal microbiota is somewhat similar to that of enterotype 2 described in humans [START_REF] Wu | Linking long-term dietary patterns with gut microbial enterotypes[END_REF], in which Prevotella is dominant rather than Bacteroides. This enterotype is associated with a low fat, high fiber dietary regimen. X. Li et al. reported that the gut microbiome of cynomolgus macaques is more similar to that of human than those of pig and mouse at the gene level and that the gut microbiota of cynomolgus macaques fed with a high fat, low fiber diet became more similar to the gut microbiota of humans [START_REF] Li | Establishment of a Macaca fascicularis gut microbiome gene catalog and comparison with the human, pig, and mouse gut microbiomes[END_REF]. We did not detect Actinobacteria, which is one of the major constituents of the human gastrointestinal tract microbiota [START_REF] Zoetendal | Highthroughput diversity and functionality analysis of the gastrointestinal tract microbiota[END_REF], in the cynomolgus rectal microbiota but rather Spirochaetes. Such a lack of rectal Actinobacteria does not appear to be related to sample collection or detection issues as Actinobacteria were observed in vaginal samples.

The vaginal cynomolgus macaque microbiota is composed of a large variety of anaerobic gram-negative bacteria and unlike humans, is not dominated by Lactobacillus. The abundance of Lactobacillus (mostly L. crispatus) was >1% for only one female macaque in the study. Lactobacillus was present in some of the samples in the four other females, but at an abundance of <0.6% (data not filtered, not shown). L. amylovorus has been identified at low levels and not in all samples in pigtailed macaques [START_REF] Spear | Longitudinal assessment of pigtailed macaque lower genital tract microbiota by pyrosequencing reveals dissimilarity to the genital microbiota of healthy humans[END_REF]. In rhesus macaques, previous reports have described vaginal microbiota with few Lactobacillus and when present the species was L. johnsonii (Yu et al., 2009;[START_REF] Spear | Identification of rhesus macaque genital microbiota by 16S pyrosequencing shows similarities to human bacterial vaginosis: implications for use as an animal model for HIV vaginal infection[END_REF]. In humans, the most prevalent species are L. iners, L. crispatus, L. jensenii, and L. gasseri (Spear et al., 2011;[START_REF] Ma | Vaginal microbiome: rethinking health and disease[END_REF].

It has been previously shown that both Nugent scores and pH values increase as the proportion of non-Lactobacillus spp. increases. We did not measure vaginal pH nor determine the Nugent score for the five female cynomolgus macaques included in our study. However, we had the opportunity to measure the vaginal pH and to determine the Nugent scores of female cynomolgus macaques included in parallel studies and housed in the same animal facility. We thus measured the vaginal pH at one timepoint in 12 female cynomolgus macaques, and it ranges between 5.5 and 7.5, with a mean of 6.75. We also measured the vaginal pH of three other females once a week for 1 month. The values were relatively stable over time, ranging from 6.25 to 7.5, and were associated with a Nugent score of 8 for all timepoints. These high pH measures are certainly associated with a lack of copious amount lactic acid produced by Lactobacillus spp. when present in high abundance, as lactic acid, with a pKa of 3.86, is a major driver of the low vaginal pH (<4.5) in human. These data combined with our MDS representation clearly show that the vaginal microbial communities in cynomolgus macaques are very close to that of CST IV-A in human: a highly diverse state comprising numerous strict and facultative anaerobes, also associated with elevated Nugent scores and pH [START_REF] Ravel | Vaginal microbiome of reproductive-age women[END_REF]. This profile has been shown to be strongly associated with increased risk of HIV-1 and other STIs. Most of the vaginal bacterial species of the cynomolgus macaques (such as Sneathia, Porphyromonas, and Prevotella) are also found in women with symptomatic or asymptomatic BV a condition more common in Black and Hispanic women [START_REF] Ravel | Vaginal microbiome of reproductive-age women[END_REF][START_REF] Kenyon | Sexual networks, HIV, race and bacterial vaginosis[END_REF]. In contrast, Gardnerella vaginalis, another species commonly found in women with BV was not detected in cynomolgus macaques. G. vaginalis has been found in pigtailed macaques in a few samples at low levels [START_REF] Spear | Longitudinal assessment of pigtailed macaque lower genital tract microbiota by pyrosequencing reveals dissimilarity to the genital microbiota of healthy humans[END_REF]. The low level of Lactobacillus and the polymicrobial composition of the vaginal microbiota have also been reported in rhesus [START_REF] Spear | Identification of rhesus macaque genital microbiota by 16S pyrosequencing shows similarities to human bacterial vaginosis: implications for use as an animal model for HIV vaginal infection[END_REF] and pigtailed [START_REF] Spear | Longitudinal assessment of pigtailed macaque lower genital tract microbiota by pyrosequencing reveals dissimilarity to the genital microbiota of healthy humans[END_REF] macaques. The Venn diagram on Figure 6A shows the main genera that are common or specific to the three macaque species. Nine genera are common to the three species with different abundance percentages but Sneathia is the most abundant in all (Figure 6B). Three genera are shared by two species and four are cynomolgus specific, five pigtailed specific and 11 rhesus specific. To date, humans are the only mammals to have vaginal microbiota often dominated by Lactobacillus spp., and a very low pH (≤ 4.5). The growth of genital Lactobacillus spp. is postulated to depend on epithelial cell-produced glycogen (Mirmonsef et al., 2014). It is hypothesized that degradation products of glycogen by human α-amylases provide a selective nutritional advantage to Lactobacillus spp., which in turn produce high amount of lactic acid [START_REF] Boskey | Acid production by vaginal flora in vitro is consistent with the rate and extent of vaginal acidification[END_REF]Miller et al., 2016). Elevated estrogen levels promote thickening of the epithelium and the production and accumulation of glycogen in the epithelium (Mirmonsef et al., 2014). Free glycogen levels are significantly negatively associated with both vaginal pH and progesterone in women (Mirmonsef et al., 2016). Humans have higher vaginal concentrations of glycogen than other mammals (Miller et al., 2016) and α-amylase is expressed in the vaginal epithelium (Mirmonsef et al., 2014). The levels of lactic acid and glycogen in the genital fluids of rhesus and pigtailed macaques are lower than those in women (Mirmonsef et al., 2012). Unfortunately, no measures of glycogen, α-amylase activity, and lactic acid levels in the vaginal tract of cynomolgus macaques are available. It has been postulated that high estrogen levels, high Lactobacillus spp. relative abundance, and low vaginal pH are difficult to detect in NHP, as they do not cycle continuously (Miller et al., 2016). However, female cynomolgus macaques have an ovarian cycle similar to that of women. Miller et al. reported that mammals other than humans that exhibit continuous cycling have lower vaginal pH during high-estrogen phases, but they never reach the low pH observed in humans. Ravel et al. postulated that vaginal microbiota depleted of Lactobacillus spp., could also be considered normal in the absence of sign and symptoms, as beneficial functions may be provided by several types of bacterial composition [START_REF] Ma | Vaginal microbiome: rethinking health and disease[END_REF]. However, this normal state might not be optimal and appear to still carry some risks if exposure to STI agents but evidence supporting this hypothesis are still lacking. On the other hand, it has been shown that genital proinflammatory cytokine levels strongly correlate with diverse community types (Anahtar et al., 2015) and that diverse cervicovaginal bacterial communities are associated with increased HIV-1 acquisition (Gosmann et al., 2017). Furthermore, certain cervicovaginal communities are associated with decreased antiretroviral concentrations in the female genital tract [START_REF] Donahue Carlson | The female genital tract microbiome is associated with vaginal antiretroviral drug concentrations in human immunodeficiency virus-infected women on antiretroviral therapy[END_REF], G. vaginalis and other anaerobic bacteria metabolisms significantly deplete tenofovir (Klatt et al., 2017). G. vaginalis is poorly or not detectable in the vaginal microbiota of the three macaque species that are the most commonly used to study HIV-1 infection but other anaerobes such as Prevotella (Figure 6B) that can also lead to tenofovir depletion are present. This vaginal environment of macaque species should such be consider when analyzing studies on STI acquisition and prevention in these models. Each macaque species has its own advantages and disadvantages. But in term of vaginal microbiota, even if they have their own specificities, they all have a polymicrobial composition with highly diverse communities comprising numerous strict and facultative anaerobes. The differences between the three macaque species are mostly: (i) in term of ovarian cycle as mentioned above; (ii) in term of SIV/SHIV pathogenesis (Ten [START_REF] Haaft | Comparison of early plasma RNA loads in different macaque species and the impact of different routes of exposure on SIV/SHIV infection[END_REF][START_REF] Favre | Critical loss of the balance between Th17 and T regulatory cell populations in pathogenic SIV infection[END_REF]Antony and Macdonald, 2015); (iii) the susceptibility to infection/coinfection with human pathogens; and (iv) the availability and cost of each model in the different parts of the world.

The inter-individual compositional similarities and stability of the cynomolgus macaque rectal and vaginal microbiota were different. The microbiota composition of the rectum was quite similar between animals, whereas that of the vagina was distinct for each animal. The five animals had the same dietary regimen and were of the same origin, which can explain the low interindividual variability in the rectum. The bacterial composition of the vagina is influenced by several parameters such, as hormone levels, environmental factors, diet, genetics, sexual behavior, and STIs. The five female macaques included in this study were first or second generation and may have been exposed to different environmental factors.

Diversity was higher in the rectum than in the vagina, and was still associated with higher stability. In the vagina, this lack of stability, with rapid changes, has previously been observed in some women, and the cause of this lack of resilience remains unknown (Gajer et al., 2012). We demonstrated that temporal changes in vaginal composition are statistically associated with progesterone levels, in contrast to those of the rectum microbiota, which were not. However, for each animal, the number and type of vaginal bacteria differentially abundant according to progesterone level were different, which could be explained by the high inter-individual compositional differences observed. Interestingly, some taxa such as Mobiluncus or Peptostreptococcus, were associated with progesterone levels in some animals but were found in lower abundance in others.

Factors not captured in this study and not associated with hormonal cycling may influence the composition and abundance of taxa in the cynomolgus macaque vaginal microbiota. In our study, we observed high relative abundance of Lactobacillus spp. in one animal to be associated with high level of progesterone. However, high levels of progesterone were concomitant with lower level of estradiol and followed the major peak of estradiol (Supplementary Figure 2). Thus, it is likely that, similarly to human, in this animal, high levels of progesterone are driving the higher relative abundance of Lactobacillus spp.

A better understanding of the relationship between bacterial composition and dynamics, and the influence of the hormonal cycle will help to improve our understanding of the role of vaginal microbiota in STI susceptibility or resistance using animal models such as the cynomolgus macaque. Longitudinal analysis of the vaginal and rectal microbiota in non-human-primate models are necessary for this purpose. Further investigations in macaque models are necessary to understand whether the rectal or vaginal microbiota affect susceptibility to infections and local immune response. Ultimately, access to a well-characterized cynomolgus macaque model in which the vaginal microbiota could be manipulated (local antibiotic treatments and/or local administration of specific bacterial strains) to mimic that of human, will help us to decipher the role of the vaginal microbiota play in the protection against STIs in human.
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The datasets generated for this study can be found in SRA database [START_REF] Leinonen | and International Nucleotide Sequence Database C[END_REF], PRJNA497378. All raw sequenced paired-end reads, assembled reads, scripts used for the data analysis, and complementary visualization charts of taxa abundances are available on the IDMIT data dissemination platform through the link http://data.idmitcenter.fr/cynobiota/. 
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Introduction and objectives

The to increase production of inflammatory cytokines therefore to a higher susceptibility to infection such as HIV-1 or Chlamydia trachomatis [191,192]. Neutrophils including their interaction with the vaginal microbiota have been poorly studied in the FRT even though they have been described in several STI to be a determinant factor either for clearing pathogen or pathogenesis [46,159]. Female cynomolgus macaques are an appropriate model to study STI thanks to the similarities observed between them and women in terms of FRT morphology, endocrine system and menstrual cycle [298][299][300].

We have previously shown that their vaginal microbiota is highly diverse and the composition is similar to women suffering from bacterial vaginosis. Furthermore, we have described variations of the vaginal microbiota composition induced by hormonal secretion [317].

To evaluate the consequences of this environment on the local inflammation, we analysed in parallel the vaginal microbiota composition, the neutrophil populations and the cytokine/chemokine profiles in nine female cynomolgus macaques.

We set up a longitudinal study covering three menstrual cycles. Throughout this study, several samples were collected once a week, including cervicovaginal swabs, wecks and cytobrushes to monitor respectively the evolution of the vaginal microbiota composition, cytokine/chemokine concentration and neutrophil phenotype.

Data summary

We have demonstrated significant differences in terms of cytokine presence and concentration between blood and cervicovaginal fluids. Cytokines and chemokines observed in cervicovaginal but not in the blood were subject to hormonal variation, with a peak expression of several soluble factors during menstruation. Neutrophil subsets in the blood and cervicovaginal cytobrushes were different. Blood neutrophils were dominated by one mature subset expressing CD11b, CD101 and high expression of CD32a and CD62L whereas three main population of neutrophils in cervicovaginal cytobrushes were present: CD11b high CD101 + CD10 + CD32a + , CD11b high CD101 + CD10 - CD32a + and CD11b low CD101 -CD10 -CD32 -. All of them had a low expression of CD62L.

During menstruation, a subset of neutrophils was increased in cervicovaginal cytobrushes, which is mature and activated. Moreover, this subset expressed high level of CD62L, which is normally, not express in the tissue but highly expressed in the blood.

Concerning the vaginal microbiota, three main phyla were observed: Firmicutes, Bacteriodota, Actinobacteriota. Various bacterial taxa were observed to be differentially abundant according to hormonal phases. Nine taxa were increased during low progesterone compared to high progesterone. Six taxa were more abundant during menstruation compared to high progesterone. When analysing together, by an automatic hierarchical clustering, the factors (cytokines, neutrophils, bacterial taxa) that were differentially expressed according to hormonal phases we observed that many samples collected during menstruation were clustering together. Those data highlight a variation of cytokines, vaginal microbiota and neutrophil populations according to hormonal phases in female cynomolgus macaques.

Menstruation were associated with an increased inflammation translated into high expression of cytokines and increase number of mature neutrophils expressing CD62L.

To conclude, this study point out a strong need for appropriate sampling schedule and longitudinal analysis in research programs including female animals and/or women based cohorts. Indeed, hormonal fluctuations should be taken into account when studying mucosal immunity in the female reproductive tract otherwise misinterpretations of the results might be made.
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ABSTRACT Background

The female reproductive tract (FRT) mucosa is the first line of defence against sexually transmitted infection (STI). FRT environmental factors, including immune cell composition and vaginal microbiota, interact with each other to modulate STI susceptibility. Moreover, menstrual cycle induces important modifications within the FRT mucosa and impacts these factors. Menstrual cycle and FRT morphology are similar in women and cynomolgus macaques. The cynomolgus macaque vaginal microbiota is highly diverse and associated to the dysbiotic vaginal microbiota observed in women.

Cynomolgus macaques are used as a study model for STI pathogenesis and prophylaxis, however, the impact of menstrual cycle on immune markers and vaginal microbiota in female cynomolgus macaques is unknown. A longitudinal study covering three menstrual cycles was thus performed in cynomolgus macaques. The evolution of the vaginal microbiota composition and inflammation (cytokine/chemokine profil and neutrophil phenotype) in the FRT and in the blood was determined throughout the menstrual cycle.

Results

Cervicovaginal cytokine and chemokine concentrations were impacted by the menstrual cycle with a peak of production during menstruation. Three main cervicovaginal neutrophil subpopulations were observed: CD11b high CD101 + CD10 + CD32a + , CD11b high CD101 + CD10 -CD32a + and CD11b low CD101 -CD10 -CD32 -. These populations had variable expression during the menstrual cycle. During menstruation, a subset of neutrophils was increased: CD11b high CD101 + CD10 + CD32a + expressing a higher level of CD62L. In the vaginal microbiota, various bacterial taxa are differentially abundant according to menstrual cycle phases. The compilation of the factors that vary according to hormonal phases highlights a clustering of samples collected during menstruation. These samples were characterized by a high concentration of cytokines and an increased number of the neutrophil subpopulation: CD11b high CD101 + CD10 + CD32a + CD62L + .

Conclusions

A significant impact of menstruation on the local environment (cytokine production, neutrophil phenotype and vaginal microbiota composition) was demonstrated in female cynomolgus macaques. Menstruation trigger an increase production of cytokines and a recruitment of neutrophils characterised as mature/activated that originate from the blood within the FRT. These results supported the need for the monitoring of the menstrual cycle and longitudinal sampling schedule for further studies in female animals and/or women focusing on the mucosal FRT environment.

INTRODUCTION

Heterosexual transmission from male to female is one of the major route of sexually transmitted infections (STI) and occurs mainly through the female reproductive tract (FRT). The FRT is composed of a wide array of environmental factors such as mucus layer, secretory IgA/IgG, vaginal microbiota, local immune cells, epithelium barrier and soluble factors such as antimicrobial peptides or cytokines and chemokines [1]. All of these factors interact with each other to modulate the susceptibility to pathogen invasion. These environmental factors are impacted by hormonal variations, which are involved in vaginal microbiota composition modifications but also in the regulation of innate and adaptive immune responses within the FRT and in peripheral blood [1][2][3][4].

Menstrual cycle in women is composed of four phases: menstruation, follicular phase (i. e. proliferative phase), ovulation phase, and luteal phase (i. e. secretory phase). Two 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. Then starts the secretory phase characterized by an increase of estradiol produced by mature follicle in the ovary.

Estradiol concentration will peak one to two days before ovulation. Subsequently, the proliferative phase begin characterized by an increased production of progesterone [5]. Hormone production has been described to induce vaginal microbiota composition changes in women. At the puberty, increased level of estradiol drastically changes the vaginal microbiota by shifting from a diverse microbiota rich in anerobic bacteria to a

Lactobacillus species (spp.) dominant microbiota [6,7]. In addition, the vaginal microbiota composition has also been described to influence local immune responses.

Indeed, a Lactobacillus spp. dominated microbiota (Community state type (CST) I, II, V) induces a low inflammation and a lower susceptibility against STI acquisition [8,9]. 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. (CST-IV) has been linked to an increased local inflammation. This clinical condition is called bacterial vaginosis (BV). This inflammation is mediated by an increased expression of pro-inflammatory cytokines such as IL-1, IL-8, IL-12, IL-18, TNFα, IFNγ and a higher frequency of activated CD4+ T cells and Th17 cells [10]. 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 [11,12]. More informations are available on the interaction of the gut microbiota and neutrophils. The gut microbiota is essential for neutrophil production and priming, in return neutrophils are essential for the containment of the microbiota [13][14][15]. Hensley et al. have shown that an altered ratio of Lactobacillus/Prevotella is responsible of an increased survival of neutrophils in colorectal biopsies of HIV-1 infected ART treated patients [16].

In our study, we focused on the characterization of FRT inflammation during the menstrual cycle and the relationship with local microbiota changes in cynomolgus macaques used as a model for the study of human STI.

The FRT of cynomolgus macaques is similar to the one of women in terms morphology, endocrine system and menstrual cycle, making them an appropriate study model to analyze the effect of hormonal variation on immune markers [17][18][19].

We have previously shown that they have a highly diverse vaginal microbiota composed mainly of anaerobic bacteria such as Sneathia, Porphyromonas, Prevotella, Fusobacterium, Peptoniphilus, Bacteroides Dialister and few Lactobacillus spp.. This composition is similar to the one of women belonging to CST IV [20]. Similar to women, the abundance of certain bacterial genus within the vaginal microbiota of females macaques are influenced by hormonal change [20]. These variations observed in the FRT might influence the level of the local inflammation and subsequently the susceptibility to STIs.

To characterize the modifications of the FRT inflammation during the menstrual cycle, we performed a longitudinal study in 9 female cynomolgus macaques. Inflammation was evaluated by measuring cytokine/chemokine concentration and by characterizing neutrophil subpopulations in parallel with the determination of the vaginal microbiota composition. Studying the interactions between the vaginal microbiota and inflammatory markers during different phases of the menstrual cycle is essential to understand the impact of those factors on STI susceptibility and beyond.

MATERIAL AND METHODS

Ethics statement

Nine sexually mature adult female cynomolgus macaques (Macaca fascicularis), aged 7 

Experimental design and sample collection

Nine female cynomolgus macaques were studied during three months. Age, weight and haplotype are summarized in table 1. Sample collection was performed once a week during 12 weeks representing approximately three menstrual cycles.
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Experimental design is summarized in Figure 1A. Sampling order was as followed:

Weck-Cel Spear during blood withdrawal, cervicovaginal swabs and cervicovaginal cytobrushes. Cervicovaginal fluids were collected with a Weck-Cel Spear (Medtronic) placed in the vaginal vault for 2 min. Secretions were recovered from the spears by adding 600 µL of elution buffer (PBS, NaCl 0.25 M and protease inhibitor mixture;

Merck Millipore, Fontenay-sous-Bois, France) and centrifuged at 13 000 g for 20 min.

Secretions were then aliquoted and stored at - 

B
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Progesterone quantification

Progesterone level was determined each week in peripheral blood plasma samples by ELISA (IBL international; Germany) according to manufacturer's instructions [Fig1B].

Progesterone groups were determined as follow: high progesterone (>1,4ng/mL), low progesterone (<1,4ng/mL) and menstruation (bleeding and/or low progesterone level after a peak of progesterone). In order to estimate the displacement between the animals menstrual cycle (though progesterone levels), we used the popular methodology for time series alignment : cross-correlation maximum. Computation were carried by Python's package SciPy [21]. 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.

Cytokine and chemokine quantification

Pro-and anti-inflammatory cytokines as well as chemokines were quantified in 

Cytospin and blood smear

Cytospin was performed at each time point on cervicovaginal cell suspension. Briefly, between 10 4 and 10 5 cells were seeded and spinned at 72xg during one minute. Whole blood smear was also done at each time point. Dry cytospins and whole blood smears were then fixed with Labofix Q path (VWR Avantor; Belgium) and a May-Grunwald Giemsa staining were performed (RAL diagnostics; France). Slides were observed with a Eclipse 80i microscope (NIKON). Image were acquired with a 60X objective using a high-definition cooled color digital camera (DXM1200C; NIKON).
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Neutrophil phenotyping

Neutrophil populations were analyzed in whole blood and cervicovaginal cells.

Cervicovaginal cells were filtered with 35µm 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 fourteen color panel, containing neutrophil surface markers of maturation and activation, were used. Phenotyping was performed on a Fortessa (BD, Biosciences) with DIVA (BD) and FlowJo (Tristar, USA) software. The gating strategy in cervicovaginal cytobrushes is described in the supplementary figure 1. GGAGTTCAGACGTGTGCTCTTCCGATCTTACCAGGGTATCTAATCCT which are fusion primers [23]. The PCR reaction was carried out in 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 (Illumina, USA) was added to the pool at 15% of the final concentration as described in the Illumina procedure. 600 μl of this pool and PhiX mixture were loaded onto the Illumina MiSeq cartridge according to the manufacturer's instructions using 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 PhiX Control and then each paired-end sequence was assigned to its sample using the multiplexing index.

Sequencing data processing and taxonomic assignation

Illumina sequences were processed using FROGS pipeline (Find Rapidly OTU with Galaxy Solution) [24]. Bacterial 16S rRNA paired-end reads were merged with a maximum of 0.1 maximum rate of mismatch in the overlap region using Vsearch [25].

Each of the samples was unique time point so, after dereplication, the clusterisation step ran with an aggregation distance equal to 1 (maximum number of differences between all of our sequences) and thus denoising was not needed. Chimeras were removed using also Vsearch and kept more of 93 % of the total sequence abundance.

Sequences were then filtered to keep at least 0.0005% of all sequences and phiX databank was equally applied to eliminate Illumina contaminants. Finally, taxonomic affiliation was performed using SILVA 138 pintail 100 database. Alpha diversity was
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Statistical analysis

Heatmap representing fold change of cytokine concentration in cervicovaginal fluids or peripheral blood plasma was obtained using Tableau software (Seattle, USA).

Ordinary one way ANOVA test was used to compare fold change of cytokine concentration to total fold change mean as a reference. GraphPad prism software version 9 for windows (GraphPad Software, La Jolla California USA, www.graphpad.com) was used for graphical representation of the vaginal microbiota composition (pie-charts), cytokine concentration, 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 adjustment with Dunn's test. MetagenomeSeq's fitZIG algorithm [26] was used to determine differentially abundant bacteria according to menstrual phases. Significant differentially abundant cytokines, neutrophils and microbiome data were merged into one global heatmap using R (version 4.1.0) with pheatmap package (version 1.0.12). Data were normalized and a fold change was calculaed using as the reference the mean value for a variable in all samples. To deal with extreme values, a log10 transformation was applied directly on the fold change.

Samples were clustered with a hierarchical clustering approach available in pheatmap function. Annotation colors were added to visually assess if samples are clustered by animal or by progesterone level. Finally, absent measurements in the data were flagged as non determined (ND) and values with abundance at zero were colored in grey.
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RESULTS:

Cervicovaginal cytokines vary according to hormonal phases

To monitor local and systemic inflammation, cytokines and chemokines were measured in cervicovaginal fluids and peripheral blood plasma using a multiplex technique. were increased in cervicovaginal fluids during menstruation, compared to high progesterone. As for CCL4 and IL-8, their concentration was increased during menstruation compared to low progesterone. Moreover, differences were also observed between the low and high progesterone groups. Indeed G-CSF, IL-8 and IL-2 expression was increased in the low progesterone group, compared to high progesterone.

Peripheral blood samples

To observed similarities and differences of cytokine concentrations measured in the blood and in cervicovaginal fluids, cytokine concentrations between compartments were compared. In all animals, mean production of several cytokines (IL-1β, IL-1RA, IL-5, IL-6, IL-8, IL-15, IL-18, TGFα, TNFα), growth factors (GM-CSF, G-CSF) and chemokines (CCL2, CCL3) was higher in cervicovaginal fluids compared to peripheral blood plasma.

Only CCL4 was higher in peripheral blood plasma compared to cervicovaginal fluids [Supplementary Fig3]. Therefore, distinct cytokine profiles were observed in each compartment.

Altogether, these results show that, in female cynomolgus macaques, hormonal cycle impacts significantly cytokine profiles in cervicovaginal fluids but not in peripheral blood plasma. 

Neutrophil subpopulations in cervicovaginal cytobrushes are strongly impacted by hormonal phases

To study the presence and evolution of neutrophil subpopulations in the blood and in the cervicovaginal compartments during the menstrual cycle, vaginal cytobrushes and whole blood were collected and cells were stained with specific cell surface antibodies before flow cytometry analysis. 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 CD11b increased expression were assessed to attest the priming status of blood neutrophils [27]. CD32a, CD64, PD-L1 and HLA-DR complete the panel to study the activation of neutrophils in both compartments.

We first analyzed neutrophil populations in both compartments independently of their variation according to time. Neutrophil percentage among CD45 + cells (Mean ± SD)

was quite similar between vaginal cytobrushes (77.8% ± 8. We further studied the kinetics of the main neutrophil populations in the blood and in cervicovaginal cytobrushes. The main neutrophil subset in the blood stayed stable.

However, fluctuations in the percentage of cervicovaginal neutrophil subpopulations were observed over time [Fig5A].

We then classified the neutrophil subpopulations in peripheral blood and Altogether, these results highlight the presence of neutrophil subpopulations in cervicovaginal compartment that are impacted by the menstrual cycle in cynomolgus macaques. Menstruation induce the accumulation of mature/activated neutrophils that comes from the blood based on their high expression of CD62L that is usually decreased in the tissue [29] Table 5: Neutrophil subpopulations characterized in cervicovaginal cytobrushes. We first identified bacteria present in the vaginal microbiota of each animal. Eight phyla were observed in the vaginal microbiota of those females. To conclude, the results obtained attest of a vaginal microbiota composition that strongly fluctuates according to hormonal phases in all individuals. Main observations include an enrichment of specific bacterial families/genus at low progesterone and menstruation compared to high progesterone. Results
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Lower abundances of the family Corynebacteriaceae were also identified in the subgroup B2 compared to B1. The subgroup B2 was mainly composed of samples obtained during menstruation (48%), then high progesterone samples (24%), followed by low progesterone samples (27%). On the contrary, the subgroup B1 was dominated by samples obtained during low progesterone (75%), then during menstruation (15%), followed by high progesterone (10%). Two animals, CBL015 (11/12 samples) and BB172H (8/12 samples) were highly represented in the group B. In the second group (A), there was a lower expression of cytokines and a higher presence of neutrophils compared to the group B. Overall, we observed that menstruation are associated with an increase concentration of cytokines and an accumulation of a specific neutrophil population characterized as mature (CD101 + CD10 + ) and activated (CD32a + ) that might originates from the blood (CD62L + ).

Samples clusterized in the subgroup A2 had a small increased production of cytokines (TGFα and VEGF) and neutrophil subpopulations (3,4,5,6,7 expressing PD-L1, 7 and 8). However, a decrease in population 8 expressing CD62L was observed, compared to the subgroup A1 suggesting a lower presence of mature/activated neutrophils that originate from the blood. In the subgroup A1, low expression of neutrophil subpopulations, such as the population 8, and an increased presence of population 7 and CD62L expression on the population 8, were noticed which could be associated to increase presence of mature neutrophils that originate from the blood and weakly activated neutrophils (population 7). Moreover, the abundance of the family Streptococcaceae was lower in the subgroup A1 compared to A2. The subgroup A2 is mainly composed of samples collected at low progesterone (54%), followed by high progesterone (44%) and menstruation samples (0.2%). In the subgroup A1, 75% of the samples were obtained during high progesterone, then low progesterone and menstruation (12.5% each). A1 was dominated by the samples of one animal (CCA096). Indeed, 10 samples of CCA096 out of 12 were observed in the group A, in which 7 samples are included in the subgroup A1, suggesting strong similarities among CCA096 samples. As for CB804C, its samples were mainly affiliated with the subgroup A2 (9/12 samples) and 7 samples out of 12 were part of a smaller group.

In conclusion, samples collected during menstruation clustered together and are associated with increase inflammation (high cytokine/chemokine production and accumulation of 154 mature/activated neutrophils that originates from the blood). Moreover, samples retrieve during high or low progesterone were distributed in all subgroups. Finally, samples of four animals (CBL015, BB172H, CCA096, CB804C) were observed to be highly consistent among each animal. Samples from two females (CBL015, BB172H) expressed more cytokines whereas the other two have a lower cytokine expression (CCA096, CB804C) but were different in terms of neutrophil subpopulations.
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DISCUSSION

In animal models and in humans, innate and adaptive immune responses have been described to be different in females and in males suggesting a strong need for studying more female cohorts [31]. For instance, women infected with HIV-1 exhibit lower plasma viral load but have a 1.6 fold higher risk to faster progression to AIDS [32].

Furthermore, vaccine responses are also different according to sex, and women have higher antibody responses and more local and systemic reactions to bacterial and viral vaccines compared to males [33,34]. The effect of hormones on immune cell recruitment, activation and on soluble factor concentrations in peripheral blood and in cervicovaginal lavages of the FRT at each menstrual phase in women, has been partially studied. However, there are technical disparities among some of the studies, such as absence of hormone measurement and non-longitudinal analysis.

In this study on female cynomolgus macaques, we investigated the variation of vaginal microbiota, cytokine expression and neutrophil subpopulations in the vagina and in the 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 induce significant alteration of the environment by increasing local inflammation associated with cytokine production and accumulation of mature/activated neutrophils that might originate from the blood.

In peripheral blood, at steady state, we show that cytokine concentrations are weakly expressed compared to their expression in cervicovaginal fluids. Analysis of culture supernatant of cells isolated from the human female reproductive tract and PBMC, describe similar differences in terms of cytokine and chemokine expression between the systemic and the local compartment [35]. Our findings show variabilities in terms of cytokine production in both compartments according to animal and time.

Nevertheless, only cervicovaginal cytokine production is influenced by hormonal phases, characterized by a significant increase of cytokine and chemokine concentration during menstruation. In women, comparison of cytokine concentration
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between menstrual and peripheral blood highlighted differences, similar to our results in macaques [36]. Several human cohort-based studies describe a variation of cytokine and chemokine expression according to hormonal cycle in cervicovaginal fluids, however no consistent results were observed and none of them collected samples during menstruation [37][38][39].

Together with the cytokine profiles, we have characterized the neutrophil subpopulations in the blood and in cervicovaginal cytobrushes in the same female cynomolgus macaques at the same time points. In cynomolgus macaques, J. Lemaître et al. described neutrophils in the blood as CD45 + CD66 + Lin CD3/CD20/CD8a/CDw125/CD14-and CD11b/CD32a expression was used to determine the maturation stage [40]. In our study, we added, to the mentioned markers, CD10 and CD101 to confirm the maturation status of the neutrophils. In female cynomolgus macaques, neutrophil percentages among CD45+ cells are similar between the peripheral blood and the cervicovaginal cytobrushes. Throughout this study, peripheral blood neutrophils are mainly CD11b + CD101 + CD32a + CD62L + with a part expressing CD10 suggesting a combination of immature and mature neutrophils in the blood. Despite the stability of this population throughout menstrual cycles, total count of blood neutrophils decreases during menstruation. In cervicovaginal cytobrushes, several neutrophil subpopulations are identified with three main populations: CD11b high CD101 + CD32a + CD10 + (population 8), CD11b high CD101 + CD32a + CD10 -(population 6) and CD11b low CD101 low CD32a -CD10 -(population 7). Based on human blood characterization of neutrophils, those populations can be assigned to mature/activated for population 8

and immature/activated for population 6. The population 7 has a phenotype of pre-neutrophils, a population usually found specifically in the bone marrow [41]. The morphology of neutrophils from cervicovaginal cytobrushes observed after May-Grunwald Giemsa staining are mainly poly-nuclear and no identification of preneutrophils with round shape nucleus is observed [Suppl figure 3]. Neutrophil main populations in cervicovaginal cytobrushes are modified according to hormonal phases.

The mature/activated subset expressing CD62L increases during menstruation. This could be due to an infiltration of mature/activated blood neutrophils within the FRT because CD62L expression on neutrophils decreases after transmigration into the tissue [28]. Moreover, increased concentration of CCL2, G-CSF, GM-CSF and IL-6 during menstruation was previously described to be associated with neutrophil recruitment locally upon infection [42][43][44][45] .

Neutrophil populations in human blood have been extensively described and characterized as CD15 + CD66b + CD49d mid CD101 + CD10 + CD16 + CD62L + [41] . . Moreover, they increased during the secretory phase (high progesterone concentration) as observed in cynomolgus macaques [46]. So far, neutrophils have been studied in the human endometrium and were shown to increase at early menstrual phase leading the authors to hypothesize that this increase is necessary for tissue repair after menstruation [47]. To our knowledge, we performed the first study analyzing the evolution of innate immune markers including cervicovaginal neutrophils and cytokine profiles together with vaginal microbiota composition according to menstrual cycle phases.

Since the vaginal microbiota has been described to be closely involved in local immune regulation [10], we longitudinally monitored the vaginal microbiota composition in parallel of the immune marker analysis. We show a predominance of four phyla:

Firmicutes, Bacteroidota, Fusobacteriota and Actinobacteriota. The predominant genus are Sneathia, Prevotella, Porphyromonas, Fusobacterium, Streptococcus, Bifidobacterium, Peptoniphilus, Peptostreptococcus and Parvimonas in accordance with our previously published study on the characterization of the vaginal and rectal microbiota of female cynomolgus macaques [20]. We highlight that the vaginal microbiota composition is subjected to hormonal changes. In our previously published study, we did not take into consideration the menstruation. Here, we show that vaginal microbiota diversity is increased during menstruation. In women, an increased bacterial diversity during menstruation was also observed translated into a trend for increased abundances of several bacterial taxa including Finegoldia, Streptococcus and Peptostreptococcus [2,48]. None of these genus was observed to significantly increase during menstruation in cynomolgus macaques. These differences could be due to the fact that most of samples in Song et al., belong to women with a Lactobacillus spp.

dominant microbiota whereas macaques have a diverse vaginal microbiota associated to a dysbiosis in women.

Finally, relationships between immune factors and bacterial taxa that are differentially abundant according to hormonal phases were analyzed. The analysis resulted in a clear clustering of samples collected during menstruation. This clustering suggests an increased inflammation (ie increase in cytokine production and in mature/activated neutrophils) during menstruation that is not observed at other hormonal phases. On the contrary, high progesterone (secretory phase) and low progesterone (proliferative phase) samples exhibit mainly a lower cytokine expression (CCL2, CCL4, IL-6, sCD40L mainly) and higher number of less mature and activated neutrophil populations compared to menstruation. Few differences are noticed between samples collected during high and low progesterone. The analysis also show animal specific clusters for four females whereas other females have more variable distribution. This observation demonstrates strong variabilities between animals but also within each animal confirming an individual specific mucosal environment. Most probably for this reason, we were not able to associate a group of bacteria or a specific genus to a profile of cytokines and/or a neutrophil phenotype. Modifications of the vaginal microbiota composition by antibiotic treatment and/or probiotic inoculations could be helpful for this purpose. The determination of such associations would be useful to develop therapeutic approaches aiming to modify the vaginal microbiota to reduce local inflammation.

In terms of cytokine profiles and neutrophil subpopulations, both peripheral blood and cervicovaginal compartments are significantly different highlighting that the blood compartment does not recapitulate what happens in the mucosal compartment. It is thus necessary to investigate mucosal compartment and not only the systemic ones.

Our study was performed at steady state but infection or vaccination could exacerbate the differences between compartments. Moreover, this work suggests that within the Results
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FRT there is a fluctuation of immune markers and vaginal microbiota at basal state.

Those fluctuations are mainly due to the hormonal cycle and have to be taken into account while studying STI infection or mucosal vaccine responses in the mucosa.

Indeed, an increased in cytokine expression could be affiliated to a vaccine response or immune response against a pathogen while this increase might in fact be due to a physiological change, for example, during menstruation. The impact of hormones has been described on STI acquisition. Indeed, estradiol has a positive effect on the mucosal environment by increasing the thickness of the vagina and favoring the growth of Lactobacillus [2,7]. On the contrary, progesterone reduces the thickness of the vaginal epithelium in rhesus macaque and increases SIV incidence [49]. These informations highlight that there is a need for in deep characterization of the hormonal impact within the FRT mucosae by an appropriate sampling schedule including several time points. Our data point out that longitudinal studies are essential for analyzing immune markers or vaginal microbiota composition in Human or animal models. The sampling has to be repeated to take into consideration potential hormonal cycle effects otherwise the results obtained might be biased.

Conclusions

This longitudinal study gives insight into how the menstrual cycle phases affect the vaginal microbiota composition as well as immune markers such as cytokine profiles and neutrophil subpopulations. It consequently highlights the difficulties to study the local environment in the FRT and the need for more women based cohort studies with an appropriated sampling schedule. This complex hormonal regulation need to be further addressed by including other factors involved in mucosal immunity such as IgA/IgG quantification and immune cells that have been described to vary in the human endometrium according to hormonal phases (T and B lymphocytes, NK and myeloid cells) [50]. A better understanding of how hormones regulate the microbiota and immune factors within the FRT is essential to better characterize their impact on STI acquisition or control and mucosal vaccine responses.

Strategies tested in vivo for the Lactobacillus spp.

enrichment of the cynomolgus macaque vaginal microbiota

Introduction and objectives

Human vaginal microbiota has been described to modulate local host inflammation.

Indeed, women suffering from bacterial vaginosis (i.e. diverse vaginal microbiota rich in anaerobic bacteria) exhibited higher local inflammation, such as an increased expression of IL-1α, IL-1β, G-CSF, GM-CSF, TNFα, IFNγ, IL-8, IL12-p70, IL-4, IL-10 for instance [195,248]. This higher inflammation has been associated to several anaerobic bacteria: Fusobacterium, Aerococcus, Sneathia,Mobiluncus,Prevotella,Parvimonas,etc [195,246]. Those bacteria are also present in the natural vaginal microbiota of female cynomolgus macaques [317]. Indeed, we have shown that the vaginal microbiota of cynomolgus macaques displays similar composition and abundance than the one of women belonging to CST IV (i.e. diverse vaginal microbiota rich in anaerobic bacteria poor in Lactobacillus spp.) [317].

To better understand the impact of the vaginal microbiota composition on immune response, we wanted to compare two groups of animals: one group with a higher abundance of Lactobacillus spp., and the other one with an anaerobic dominant microbiota.The aims were to study, first the susceptibility of both groups to a single STI (CT infection) or co-infection (CT and SIV); Second, the impact of the vaginal microbiota composition on the innate and adaptive immune responses induced by the infection [Fig25]. We wanted to determine if the vaginal microbiota composition will have an impact on the susceptibility to infection and if the inflammation induced by the infection will be modified according to vaginal microbiota composition. 

Results

Single inoculation of L. crispatus capsule

L. crispatus has been described to induce an anti-inflammatory environment and a protection against STI acquisition mainly by its ability to produce D and L-lactic acid [195,207,255]. Only one probiotic, composed of only L. crispatus (10 9 ) and not a combination of different species, is available for sale: Physioflor LP ® developed by the IPRAD laboratory. This capsule is mucoadhesive and at extended release during 4 days.

Three female cynomolgus macaques were included in this study and Physioflor LP ® was used to enrich the vaginal microbiota of those females. 

Sucrose intravaginal treatment

We have shown that menstruation decreases the enrichment of Lactobacillus. Depoprovera treatment allows the absence of menstruation and, in theory, facilitates the Lactobacillus enrichment. As observed in the previous phase, Depo-provera treatment abrogates the ability of L. crispatus to colonize the vagina of cynomolgus macaques.

Since the effect might be linked to a decreased availability of glycogen breakdown, which is essential for Lactobacillus growth, we decided to treat the female with sucrose . We hypothesis that female cynomolgus macaques with a lower bacterial diversity in the vagina will have less neutrophils compared to macaques with highly diverse microbiota. Flow cytometry analysis of cells collected in the cervix at the end of the protocol, showed a strong presence of neutrophils in all animals, where between 54% to 90% of CD45 + cells were neutrophils. However, the female CCB119, which was the only female enriched in Lactobacillus spp. at the end of the protocol, exhibits the lowest percentage of neutrophils (54% of neutrophils among the CD45+ cells) [Fig35B].

Since this female has her menstruation at the end of the protocol, the cytobrushes were obtained the week after menstruation. The low percentage of neutrophils observed in this female could be due to a lower bacterial diversity associated with an increased

Lactobacillus presence confirmed by Gram staining. No differences between females were observed in terms of neutrophils activation (expression of CD11b, HLA-DR, CD32a…). To have a control of the cervico-vaginal accumulation of neutrophils in untreated females, 13 female cynomolgus macaques, included in a different study, were sampled. Variable percentages of neutrophils were observed in the females: 

B Repeated treatments with azithromycin and L. crispatus gel

To facilitate L. crispatus enrichment in the vaginal microbiota of female cynomolgus macaques, two changes were made. First of all, to induce a more drastic elimination of vaginal microbiota, we decided to replace metronidazole with azithromycin.

Azithromycin is an antibiotic with a broad spectrum against bacteria, including Streptococcus spp. and Chlamydia trachomatis. Secondly, we wanted to increase L.

crispatus inoculation from 10 9 to at least 10 10 . For that, L. crispatus capsule (Physioflor ® LP) was cultured and an isolated colony of L. crispatus was amplified and diluted in a gel composed of 9% sucrose, 0.02% of lactic acid and 1.5% of hydroxyethylcellulose (HEC). Five female cynomolgus macaques received three times during one week azithromycin (30mg/kg) through oral route. Then, twice a week during 3 weeks followed by once a week during three weeks, a gel of 10 10 L. crispatus by vaginal route.

Before each inoculation of the gel, the vaginal cavity was washed with 2mL of 0.02% of lactic acid. After antibiotic treatment and two inoculations of L. crispatus a week, there was a decrease of Nugent score in all the females [Fig36]. CCB119 had a stable Nugent score below 4 and a low pH around 5. CCB115 had a Nugent score between 4 to 6, which increases as soon as we switch to one L. crispatus gel inoculation a week. CBL005 had a variable Nugent score, between 3 to 6, but as observed for CCB115, the Nugent score increased as soon as we switched to one L. crispatus gel inoculation a week. As for CCD056 and CCD034, both females had a decrease in Nugent score, between 4 to 7, but this decrease was not due to Lactobacillus spp. enrichment but to decreased abundances of the anaerobe population within the vaginal microbiota. If we compare the results obtained during this protocol to the one using metronidazole instead of azithromycin, very few differences are observed. In a cohort based study, azithromycin treatment was observed to be highly effective at eradicating M. genitalium and C.

trachomatis, but it was not sufficient to induce a shift in CST classification. In contrary, metronidazole treatment has a significant impact on the vaginal microbiota diversity 

Data summary

Altogether, we have tried different methodologies to facilitate the colonisation of L.

crispatus within the vaginal microbiota of cynomolgus macaques [Fig37]. The enrichment of macaque vaginal microbiota with a human strain (L. crispatus) was tricky due to several issues:

-Menstruation induces important environmental changes including inflammation that do not permit a sustained presence of L. crispatus.

-Elimination of menstruation by sustaining progesterone level (Depo-provera treatment) reduces L. crispatus enrichment. This phenomenon was not reversed by increasing small sugar availability described to be needed for Lactobacillus spp growth.

Antibiotic treatment by metronidazole induces significant microbiota modification (decrease bacterial diversity) and allow a better L. crispatus enrichment. However, interindividual differences remain even after the use of a more drastic antibiotic treatment (Azithromycin). To sustain L. crispatus enrichment and decrease inter-individual variabilities repeated inoculations of antibiotic and L. crispatus are are necessary. In most of the L. crispatus enrichment strategies that we performed, Nugent scoring and pH was used to determine the presence or absence of Lactobacillus spp. However theses technics are not accurate enough to determine the abundance and the Lactobacillus species for example. To enrich the vaginal microbiota of female cynomolgus macaques with Lactobacillus, it was decided for further experiments to use local metronidazole treatments followed by repeated inoculations of L. crispatus gel (1010) after lactic acid washing of the vaginal cavity. This protocol was choosen because it was the most successful to enrich in Lactobacillus according to our analysis. It was such used to study the impact of the microbiota on CT infection (next chapter/ manuscript).

However for these experiments we have sequenced the microbiota to quantify the abundance of Lactobacillus spp throughout the study which allowed to determine any variabilities according to animal. In addition, full 16S rRNA sequencing was performed
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to allow the distinction between the Human strain that was inoculated and natural strains that may increase upon antibiotic treatment. Thanks to the sequencing, we were such able to precisely determine the presence of Lactobacillus and detect any animals that would not have been enriched with the inoculated strain of L. crispatus. 

Introduction and objectives

Chlamydia trachomatis (CT) is an obligate intracellular bacteria responsible for genital Chlamydia infection. This sexually transmitted infection (STI) is mostly asymptomatic but prolonged infection can lead to upper tract dissemination of the pathogen [15]. CT increases local inflammation by increasing the production of cytokines and the recruitment of immune cells such as neutrophils [34,35,[38][39][40].

Neutrophil recruitment has been linked to immunopathology in mice [46,47]. However, very few is known on the impact of CT infection on cervicovaginal neutrophil phenotype. We have previously described the phenotype of systemic and vaginal neutrophils at basal state throughout the menstrual cycle in cynomolgus macaques but we do not know how resident neutrophils will react after CT infection [C. Adapen et al.,

Local innate markers and vaginal microbiota composition are influences by hormonal cycle phases]. Vaginal microbiota is also a key factor within the female reproductive tract (FRT) in the regulation of local immune responses. In women, susceptibility to CT has been described to be subject to vaginal microbiota composition, indeed a L. crispatus dominated vaginal microbiota is associated with a decrease risk for CT infection [192]. On the contrary, a highly diverse vaginal microbiota rich in anaerobic bacteria is associated with higher local inflammation therefore higher susceptibility to Article III Results
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CT infection. Local inflammation is an essential parameter involved in the modulation of STI acquisition. Therefore, by modulating the local inflammation through the vaginal microbiota composition we wondered whether or not we could modify the inflammation and the susceptibility to CT infection. Cynomolgus macaques have a naturally diverse vaginal microbiota poor in Lactobacillus spp and rich in anaerobic bacterium that are also detected in women that suffers from dysbiosis [317]. We hypothesised that female cynomolgus macaques with a vaginal microbiota enriched with L. crispatus will be able to decrease the inflammation induced by CT and/or the susceptibility to CT infection.

We set up an in vivo study on twelve female cynomolgus macaques divided in two groups of six females. All animals received intravaginal metronidazole antibiotic treatment to eradicate anaerobic bacteria from the vaginal microbiota. Then one group received intravaginal inoculations of a Human L. crispatus strain to induce an enrichment of L. crispatus in those animals. The second group was not given any

Lactobacillus spp, we only monitored the evolution of vaginal microbiota composition after metronidazole treatment. Subsequently, all animals received repeated intravaginal inoculations of CT. During this study, several samples were collected. To monitor local and systemic inflammation, cytokine/chemokine concentration as well as neutrophil phenotype/activation were studied in blood and cervicovaginal samples. To follow CT infection, CT load as well as anti-CT IgG were quantified in cervicovaginal swabs and peripheral blood serum respectively. Finally, vaginal microbiota composition was followed by full 16 rRNA sequencing.

a higher inflammation (neutrophil activation and cytokine production) and an increased susceptibility to CT infection.

Those data highlight an impact of vaginal microbiota composition on the local and systemic immune responses induced by CT infection. Interestingly, we demonstrated that increase abundance of L. johnsonii was associated with higher CT load. Moreover, a significant and persisting alteration of the vaginal microbiota upon metronidazole and CT infection/inoculation was described. This study confirmed that vaginal microbiota composition can be a powerful tool to modulate local inflammation and STI susceptibility.

INTRODUCTION

The World Health Organization (WHO) estimates that every year, 357 million people are infected with one of the following curable sexually transmitted diseases (STI):

Chlamydia, Gonorrhea, Syphilis or Trichomonas [1]. Those STI continue to represent a major public health issue. In many countries, women between 15-24 years old that are sexually active have the highest risk of Chlamydia acquisition. Chlamydia trachomatis (CT) is an obligate intracellular gram-negative bacterium and serovar D to K are responsible for genital Chlamydia infection. Around 70% to 90% of CT infection in women are asymptomatic and without active screening, individuals stay infected and continue to spread the pathogen [2]. About 20-54% of CT infected patients self-resolve within a year whereas 23-30% become repeatedly infected [3][4][5]. Asymptomatic or symptomatic CT infection can induce chronic inflammation resulting in several diseases including cervicitis, cystalgias, urethral syndrome but the infection can also progress to the upper genital tract and induce salpingitis, inflammatory chronic pelvic disease and sterility.
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CT preferentially infects the endocervical columnar epithelial cells of the female reproductive tract (FRT). In the FRT, pro-inflammatory cytokines such as IL-1α, IL-1β, IL-6, IL-8, TNFα, IL-12, IFNγ, IL-18 but also IL-10, VEGF, G-CSF and GM-CSF increase upon infection, resulting in a strong local inflammation [6][7][8][9][10]. Polymorphonuclear leukocytes (PMN) as well as other innate immune cells are recruited to the FRT during CT infection [7]. Neutrophils have been linked, in several studies, to immunopathology and are not directly necessary for the decrease of the bacterial burden upon CT infection [11,12]. However, a study, in which serum from mice that resolve CT infection was passively transfered to CT reinfected mice, demonstrates that PMN are involved in bacterial burden reduction through antibody-mediated anti-CT immunity [13]. Those studies clearly demonstrated a dual effect of PMN during infection, on one hand they are essential for bacterial clearance and on another hand, when over activated and recruited, they increase the pathology. Those opposite roles could be due to differences in PMN subpopulation or activation status in the blood or in the FRT, which to our knowledge has not been described yet.

To clear CT infection, a Th1 response is essential; indeed production of IFNγ has a central role in the immune response against CT infection. IFNγ induces the depletion of the intracellular pool of tryptophan through induction of the tryptophan catabolizing enzyme indoleamine 2,3-dioxygenase (IDO). Tryptophan is converted into kynurenine, resulting in the inhibition of Chlamydia growth. Interestingly, the microbiota composition has also an impact on CT infection. Indeed, indole which is produced by several anaerobic bacteria present within the vaginal microbiota, promotes CT infection in presence of IFNγ [3]. In fact, the kynurenine/tryptophan ratio is increased in CT infected women, and correlates with the presence of Steptococcus spp. and Peptoniphilus spp. [14]. Indole producing bacteria such as Pophyromonas, Fusobacterium or Peptoniphilus as well as G. vaginalis are highly represented in women suffering from bacterial vaginosis. Therefore a highly diverse microbiota with a predominance of anerobic bacteria and absence or few Lactobacillus spp. increases the risk of CT infection [14][15][16]. On the contrary, a vaginal microbiota dominated by 191 Lactobacillus spp. is associated with a decreased risk for CT infection [17]. An in vitro study demonstrated that L. crispatus strains, by producing both L and D-lactic acid, have the best anti-CT effect [18].

Many studies were performed in mice model with C. muridarum to understand CT infection. However, mice reproductive tract exhibits structural and functional differences compared to women FRT [19]. Moreover, pretreatment with progestins is necessary to induce CT and consistent C. muridarum infection in mice [2]. Cynomolgus macaques, in contrast to mice, have a FRT that is closely similar to the one of women in terms of morphology, endocrine system, menstrual cycle but also immune cells distribution within the FRT [20,21]. In addition, macaques are susceptible to STI such as CT or Simian Immunodeficiency Virus (SIV) [22,23]. Female cynomolgus macaques have a highly diverse vaginal microbiota with few Lactobacillus spp. and many anaerobic bacteria such as Sneathia, Porphyromonas, Prevotella, Fusobacterium, Peptoniphilus, Bacteroides and Dialister. Vaginal microbiota composition of cynomolgus macaques is thus similar to the one of women suffering from bacterial vaginosis [24].

To better study the impact of the vaginal microbiota composition on CT susceptibility and on the inflammation induced by the infection, the vaginal microbiota of female cynomolgus macaques was modified to enrich the microbiota in Lactobacillus species.

We characterized the impact of the microbiota composition on CT infection susceptibility, specific immune responses and inflammation (ie PMN and soluble factors).

MATERIALS AND METHODS

Ethics statement

Eighteen sexually mature adult female cynomolgus macaques (Macaca fascicularis), Twelve female cynomolgus macaques divided in two groups (Untreated and L. crispatus treated) were then studied during four months and a half. Age, weight, haplotype and group distribution are summarized in Table 1. According to the data previously obtained by our team (summary presented in Figure 1), the following protocol was 
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Sample collection

Whole blood, cervicovaginal fluids and samples were collected [Fig2A] at baseline (days -42, -35, -28 and -23), after metronidazole treatments (day -16), after one and two weeks of L. crispatus inoculations or not (days -16 and -9), two days before each CT inoculation (days -2, 5, 12, 19, 26 and 34) and once a week during the follow up (days 42, 49, 56 and 63). Cervicovaginal samples for microbiota analysis were also collected before each CT inoculation (days 7, 14, 21, 28 and 36). Cervicovaginal cytobrushes were collected at five time points: at baselines (days -42 and -28), after antibiotic treatments and L. crispatus inoculations or not (day -9) and during follow up (days 42 and 63).

Peripheral blood mononuclear cells (PBMC) were gathered at baseline (day -28), two days before the first CT inoculation (day -2) and during the follow up (days 42 and 63).

Sample collection order was as followed: Weck-Cel Spear during blood withdrawal, vaginal pH measurement, cervicovaginal swab and cervicovaginal cytobrushes. 

Metronidazole ovules

Metronidazole ovules (Flagyl ® , Sanofi Aventis; Paris) of 500mg were put in a 5 mL tube and weight before putting in a water bath set at 37°C for few hours until complete melting. Melted ovules were then used to fill pediatric ovule (Herboristerie du Valmont;

Belgium). Ovules were then weighted to determine the concentration of each antibiotic ovule and stored at 4°C before inoculation.

L. crispatus gel

A capsule of 10 
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C. trachomatis infection

Chlamydia trachomatis serovar D (D/UW3/Cx) were obtained from Dr Frank Follmann laboratory (SSI, Danemark) [25]. Briefly, batches of CT was produced by infecting HeLa cells then 2-3 days after infection, cells were harvested, and CT was purified from the cells. For animal inoculation, CT was diluted in Sucrose Phosphate Glutamate (SPG) buffer to achieve the expected concentration. Each animal received intravaginally 800µL of CT inoculum (10 6 IFU/800 µL).

Progesterone quantification

Progesterone level was determined each week in peripheral blood plasma sample by ELISA (IBL international; Germany) according to manufacturer's instructions [Fig2B].

Chlamydia trachomatis load

Detection of CT in cervicovaginal samples was performed by qPCR. DNA was extracted using the kit QIAamp DNA Mini Kit (Qiagen; Germany) according to manufacturer instructions. As for qPCR, the kit Presto combined quantitative real time Chlamydia trachomatis/Neisseria gonorrhea (Goffin Molecular Technologies; Netherlands) as well as a thermocycler CFX96TM real-time system (Biorad; USA) was used according to manufacturer instructions.

Specific antibodies against CT

Specific IgG against CT were quantified by ELISA (Demeditec; Germany) in serum according to manufacturer's instructions. Goat anti-monkey IgG coupled with HRP (Biorad, USA) was used for revealing. Optical density values at 450nm were obtained using a multimode microplate reader, the Spark 10M (TECAN; Switzerland). Units of IgG anti-CT was calculated using the following formula: (ODsample x10) / ODcutoff and multiplied by the dilution factor.

Article III Results
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Nugent score

Vaginal fluids obtained by swabs were spread on a slide, 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 a Axioplan 2 microscope (ZEISS). Grampositive 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 [ 
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used for library preparation on one R9.4 flow cell. GridION ™ was used for sequencing (Oxford Nanopore Technologies) according to the manufacturer's instructions.

Cytokine and chemokine quantification

Pro-and anti-inflammatory cytokines as well as chemokines were quantified in 

Cytospin and blood smear

Cytospin was performed at each time point on cervicovaginal cell suspension. Briefly, between 10 4 and 10 5 cells were seeded and spinned at 800rpm during one minute.

Whole blood smear was also done at each time point. Dry cytospins and whole blood smears were then fixed with Labofix Q path (VWR Avantor; Belgium) and a May-Grunwald Giemsa staining were performed (RAL diagnostics; France). Slides were observed with a Eclipse 80i microscope (NIKON). Images were acquired with a 60x lens using a high-definition cooled color digital camera (DXM1200C; NIKON).

Neutrophil phenotyping

Neutrophil populations were analyzed in whole blood and cervicovaginal cells.

Cervicovaginal cells were filtered with 35µm filter (Corning Falcon ; USA). Then, cervicovaginal cells and whole blood were incubated with the antibodies listed in Table 3, washed and fixed with FACS lysing buffer (BD, Biosciences) or BD cell Fix solution (BD, Biosciences). A fourteen color panel, containing neutrophil surface makers of maturation and activation, were used. Neutrophils were identified as CD45 positive Lineage negative (CD3, CD8, CD20, CD123, CD14, CDw125) and CD66abce positive. and freezed. The antibody list in Table 3 were used for intracellular straining and a LSRII with DIVA (BD Biosciences) and FlowJo software (Tristar, USA) were used for the analysis. Cytokines measured are summarized in Table 4. 

RESULTS

L. crispatus inoculations trigger a reduction of dysbiosis

To 

Metronidazole treatment increases the abundance of natural Lactobacillus spp

To study vaginal microbiota composition, we then characterized the vaginal microbiota To conclude, ten animals out of twelve were infected but none of them developed a persistent infection. There was no difference of susceptibility to CT between the L. crispatus treated and untreated groups suggesting that L. crispatus probiotic treatment once a week does not protect from CT infection. However, animals that received L.

crispatus treatment developed more anti-CT specific IgG. 

L. johnsonii abundance was associated with CT load

To evaluate if CT load can be associated with a specific vaginal microbiota composition, 
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or protect CT infection, the vaginal microbiota composition was compared in each group between CT inoculations that induced an infection or not. In the treated group, rather similar bacterial abundances were observed between CT inoculation that triggered an infection or not. However, in the untreated group, a higher abundance 
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Microbiota changes upon CT infection

Secondly, to determine the impact of CT infection on the vaginal microbiota composition, the samples of each animal during CT inoculation were divided into three groups: before, during or after CT infection, independently of their group affiliation [Fig7A and B]. Samples collected during follow up thus after CT inoculations were excluded of the analysis to avoid the effect of CT inoculation on the vaginal microbiota.

For those analyses, the two females (CS865 and CS794) that were not infected were removed from the analyses. The microbiota composition was altered by CT infection in most of the individuals. To investigate bacterial taxa that were differentially abundant according to CT infection, a heatmap representing the log10 expression of bacterial taxa abundance was generated between the time points before CT and during CT infection (CT+) in all individuals. CT+ samples exhibited an increase abundance of many bacteria taxa including bacteria from the genus Anaerococcus, Blautia and Succinivibrio for instance [Fig8A ; table 8]. Other bacteria were increased in some individuals during CT infection (Peptostresptococcus spp., Parvimonas spp…). A second heatmap representing the log10 expression of bacterial taxa that are differentially abundant before and after CT infection was generated [Fig8B ; table 9]. After CT infection, there is an increased abundance of many bacterial taxa such as Peptoniphilus spp. and bacteria from the genus Succinivibrio, among others [Fig8B ; table 9]. CT infection might triggered significant modifications of the vaginal microbiota at the infection but also after CT infection. 10 and11 

Increase of mature and activated neutrophils after CT infection in peripheral blood but not in cervicovaginal cytobrushes

Neutrophil phenotype was performed on whole blood and on cervicovaginal cells at five time points: two baselines, after antibiotic treatment, one week after the six CT inoculations and four weeks after the six CT inoculations. In the blood, two populations were observed: CD11b + CD101 + CD10 + CD32a + and CD11b + CD101 + CD10 -CD32a + characterized as mature and immature subsets respectively [Fig12]. Mean mature subset (Mean ± SD) of baselines in the treated group represents 42.5% ± 24.5 and the immature subset represents 54.7% ± 24.9 of the total neutrophil population respectively. Similar percentage were observed in the untreated group (mature: 39.4 ± 18.7 ; immature: 57.8 ± 19). No impact of metronidazole treatment was noticed neither on subpopulations nor on the activation status on total neutrophils [ Fig 12 and 13]. However, CT inoculations significantly increased the mature subset thus decreasing the immature one in both groups. Interestingly, for the treated group, these modifications were observed one week and four weeks after the six CT Interestingly, the activation status (CD32a expression) and maturation (CD10) of neutrophils last longer in treated animal compared to untreated animals.

In cervicovaginal cytobrushes, three main subsets of neutrophils were observed: CD11b High S. dysgalactiae abundance before CT inoculations is associated to better production of specific antibodies against CT as well as increased production of chemokines after CT infection.

To determine if a specific bacterial composition can be attributed to an increase CT susceptibility or inflammation, new groups were determined based on the microbiota composition detected before the first CT inoculation. A principal component analysis was performed on the microbiota results at day-2 (two days before the first CT inoculation).

Animals that were not infected were removed of the analysis (CS865 and CS794). 

Discussion

During this study, we have analysed the impact on the vaginal microbiota composition on Chlamydia trachomatis infection and on the cervicovaginal and peripheral blood inflammation induced by CT in female cynomolgus macaques. We have observed that females with an L. crispatus enriched vaginal microbiota have a higher cervicovaginal cytokine production but a better control of the systemic inflammation as well as a higher specific anti-CT IgG production in peripheral blood.

We have observed a non-persisting CT infection in ten animals out of twelve and two animals remained uninfected independently of their group affiliation. CT reinfection was observed in some females that did not produce peripheral blood specific anti-CT IgG after a first peak of infection. However, two animals, one in each group, were not infected and did not produce specific anti-CT IgG. These results demonstrate that animals clear rapidly the infection and that specific antibodies protect against reinfection. In women, seropositivity was associated with a decrease in cervical bacterial burden but not endometrium bacterial burden [30]. In the pig-tailed macaques, a single cervicovaginal infection of 10 6 IFU allow the detection of CT during 9 weeks post-infection before clearing the infection [22]. We did not observe this sustained CT infection despite the repeated inoculation of CT. However, in a previous experiment performed in our laboratory, the repeated cervicovaginal inoculations of 10 Metronidazole does not have a direct effect on CT infection; however, it is prescribed in addition to azithromycin or doxycycline for the treatment of pelvic inflammatory disease, an upper genital tract poly-microbial infection involving CT and anaerobic bacteria associated with bacterial vaginosis (BV) [31]. In addition, a study on CT infected women suffering from BV treated with metronidazole demonstrated that metronidazole treatment, by inducing changes in the microbiome, was able to facilitate the eradication of CT by the immune response [32]. As observed in cynomolgus macaques, a study described that 22% of women spontaneously resolved CT infection whereas 16.5% suffered from reinfection. Reinfection was observed to be more frequent in women that suffered from persisting infection compared to the ones that spontaneously resolve CT infection, suggesting an attenuated protective immunity in antibiotic treated women [4].Moreover, antibiotic treatment in pigtailed macaques infected with CT exhibited a decrease in peripheral antibody level [33].

Those studies highlight a significant impact of antibiotic treatment on CT susceptibility and CT related immune responses. Thus, we cannot exclude that the metronidazole treatment in all the females of our study had an impact on the persistent of the CT infection.

We then studied the production of specific anti-CT antibodies in the serum of all animals.

We described that animals with treated with L. crispatus had a significantly higher level of specific IgG against CT compared to other animals. The bacterial load was not different according to group, suggesting that the impact observed on IgG production is not linked to the amplitude of the infection. In addition, we have observed that anti-CT IgG is higher in a group of animals that had a high abundance of S. dysgalactiae right before CT inoculations.

This group were composed of four animals out of five that were treated with L. crispatus gel.

Therefore, L. crispatus treatment is able to modify the vaginal microbiota composition inducing a better anti-CT IgG production. A review on the relationship between antibodies and gut microbiota suggests that IgG plasmocytes are close to the lamina propria, allowing the passage of anti-commensal IgG in the blood [34]. We can hypothesise that local presence of a group of bacteria can primes the specific local immune response, inducing a better production of IgG locally that can then enter the bloodstream.

We also characterized the vaginal microbiota throughout the whole study. Antibiotic treatment induced drastic modifications of the vaginal microbiota in all animals, and these modifications were animal specific. We described a higher abundance of Staphylococcus [16,17,36,37]. L. johnsonii was described to restrain vaginal colonization by pathobionts and to have anti-inflammatory effect [38,39]. However, a recent paper highlights different inflammatory properties of Lactobacillus spp strains depending if they were isolated from a

Lactobacillus spp dominant vaginal microbiota or a dysbiotic vaginal microbiota [40].

Interestingly, L. johnsonii has been described to inhibit IDO1 in vitro, leading to a decrease concentration of kynurenine [41]. We hypothesise that L. johnsonii strain, presents in the vaginal microbiote of cynomolgus macaque, by inhibiting IDO1 might promote CT infection.

Cytokine and chemokine production was monitored once a week to evaluate local and systemic inflammation after CT infection. In peripheral blood serum, there was an increased production of cytokines after CT infection in the untreated group compared to the L. crispatus treated group. This result suggests a higher systemic inflammation in the untreated group compared to L. crispatus treated animal. In the untreated group, two animal CR403 and CR574 exhibit a higher production of cytokines after CT inoculations. CT infection of CR574 weakly induces specific anti-CT IgG. As for CR403, specific anti-CT IgG are increased after the second peak of infection but interestingly CT can still be detected at this end of the four weeks follow up (day 63). In cervical fluids of women suffering from upper genital tract infection or from fertility disorders there is an increase level of IL-6, IL-8, IL-10, IFNγ, CXCL10, TNFα, IL-17A, CXCL9, CXCL11, CCL4 and CXCL13 [7,8]. Higher level of IL-6, IL-8, IL-10, IL-12/23, IL-13, TGFα and TNFα in cervicovaginal fluids of CR403 during animal follow up (day of cytokines in the peripheral blood serum might result from an upper tract dissemination of CT. We could not verify this hypothesis since no euthanasia was performed.

The analyses of cytokine production in cervicovaginal fluids demonstrated difference in L.

crispatus and untreated groups before CT infection [Fig11A] suggesting an impact of L.

crispatus treatment on cytokine production. Statistical analysis on cytokine production during baseline and after antibiotic treatment was also performed to compare both groups and confirmed that the differences between groups are not due animals [Data not show].

No significant differences according to groups were noticed before L. crispatus treatment. In contrast to the blood, cervicovaginal cytokine production was increased after CT infection in treated animals compared to untreated animals suggesting a better stimulation of the immune response in treated animals compared to untreated. The increase of cytokine production in L. crispatus treated animals involved: ( 1) chemokines (CCL2 and CCL4) involved in monocyte, lymphocyte and NK cell recruitment [42,43]; (2) IL-15 involved in T and NK cell proliferation and activation [44,45]; (3) growth factor including VEGF but also G-CSF, a key cytokine involved in neutrophil proliferation [46]. In addition, analysis of cytokine production in groups based on principal component analysis before CT inoculation exhibit differences.

Indeed, animals that have a high abundance of S. dysgalactiae have an increase production of CCL2, CCL4, TNFα after CT infection and CCL2 during infection. This group is composed of four animals out of five that have received L. crispatus inoculation suggesting that the treatment can be linked to the variation of cytokine production observed.

In terms of inflammation, neutrophil phenotype was studied in peripheral blood and in cervicovaginal cytobrushes. In peripheral blood, neutrophils were more mature and activated after CT infection in both groups but the maturation and activation were sustained longer in the treated group compared to untreated. In cervicovaginal cytobrushes, no impact on maturation or activation was noticed in opposition to peripheral blood neutrophils.

Sampling was performed only after the six CT inoculations, in order to avoid inflammation induced by cervicovaginal cytobrushes, therefore the accumulation/activation or maturation of neutrophils might have been missed and only a more tardive immune response in the blood compartment could be seen. However, a decrease in CD11b on total neutrophils was observed after CT infection in both groups. CD11b is an integrin family member expresses in many cells including neutrophils. Its increase in the blood has been associated with neutrophil priming as well as CD62L shedding [27]. Several hypothesis could be made for the decrease of CD11b and/or absence of CD11b increase: (1) It could be a tissue specific phenotype since no information on CD11b expression on neutrophils after CT infection is documented; (2) neutrophil phenotyping was performed one and four weeks after CT infection so we might have missed the increase of CD11b expression on local neutrophils;

(3) it could be resident neutrophils with increase survival that might have lost the expression of some markers including CD11b. This is the first study describing neutrophils in peripheral blood and cervicovaginal cytobrushes in a context of CT infection.

Overall, this study demonstrates that female cynomolgus macaques with a L. crispatus enriched vaginal microbiota develop a better specific antibody response against CT in peripheral blood compared to L. crispatus untreated animal. Moreover, the increase presence of L. johnsonii in untreated animals, after metronidazole treatment, is associated with higher bacterial load thus a higher CT susceptibility. Unfortunately, we were not able to link an increased production of cytokines with L. johnsonii abundance. However, we could observe a higher systemic production of cytokines in untreated animal compared to treated animal.

In contrary, treated animal have an increase production of cervicovaginal cytokines after CT infection compared to untreated animal suggesting a better local immune response. Our study has some limitations. Significant inter-individual differences enable us to evaluate the effect of a specific vaginal microbiota on CT infection, therefore a higher number of animals should be investigated for further studies. This animal model was able to reproduce an asymptomatic CT infection observed in women but it would be interesting to evaluate the impact of the vaginal microbiota composition on a sustained infection ie inflammation.

Contraception has been described to modify the FRT environment [47,48] therefore control of menstrual cycle by injecting hormone was not performed during this study. Progesterone concentration as well as menstrual bleeding was monitored and menstruation effect on the local compartment was taken into account for the analysis.

In conclusion, this study demonstrates a significant impact of the vaginal microbiota composition on the local and systemic immune response induced by CT infection. It highlight a need for a better understanding of the effect of vaginal microbiota composition on STI acquisition. 

In vitro
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from CT infection are more at risk of HIV-1 infection [START_REF] Mafokwane | Prevalence of chlamydia among HIV positive and HIV negative patients in the Vhembe District as detected by real time PCR from urine samples[END_REF][START_REF] Venkatesh | The relative contribution of viral and bacterial sexually transmitted infections on HIV acquisition in southern African women in the Methods for Improving Reproductive Health in Africa study[END_REF][START_REF] Peterman | Risk for HIV following a diagnosis of syphilis, gonorrhoea or chlamydia: 328,456 women in Florida, 2000-2011[END_REF]. However, very few informations are available about the impact of vaginal microbiota composition after CT infection on the susceptibility to another STI.

We hypothesised that both bacteria from the microbiota will have opposite effect on the inflammation induced by CT where G. vaginalis will exacerbate and L. crispatus dampen the inflammation. Moreover, the modification of the environment induced either by L.

crispatus or G. vaginalis in presence of CT infected epithelial cells might have an impact on neutrophil phenotype and survival but also on HIV-1 co-infection susceptibility.

In conclusion, we decided to develop an in vitro assay, to study the impact of L.

crispatus and G. vaginalis, two antagonist bacteria, on the cytokine production of CT infected epithelial cells. We then investigated whether this environment had an impact on neutrophil phenotype and function and on HIV-1 infection [Fig38]. 

Results

Chlamydia trachomatis infection of epithelial cells

Effect of supernatants of L. crispatus or G. vaginalis in contact of CT infected A2EN cells on neutrophil phenotype and survival

Neutrophils have a role of sentinel and migrate within the tissue very quickly in case of infection. They are involved in antimicrobial immunity but are associated with increase pathology during CT infection [46]. Therefore, it was important to study if neutrophils are less activated and rapidly die in presence of L. crispatus suggesting a lower accumulation of neutrophils and a less inflammatory effect of neutrophils.

In vitro study

Results
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Neutrophils were isolated from Human peripheral blood and neutrophil phenotype and survival were attested at different times after exposition to supernatants. Different One main neutrophil population is present in the blood which is CD11+ CD101+ CD32a+ CD62L+. Neutrophils had a higher expression of CD11b and CD32a and a lower expression of CD62L when exposed to L. crispatus or G. vaginalis with or without CT infection.

This suggest a higher activation of neutrophils. Moreover, a higher expression of CD101 was noticed in the same conditions previously described. CD101 is a marker of maturity, it expression allows to distinguish pre-neutrophils from immature neutrophils. Exposition of neutrophils to CT infected cell supernatant induced the expression of CD11b, CD32a and CD101 but no decrease of CD62L was observed. This suggests an activation of neutrophils that is lower than the one observed when stimulated with supernatants containing bacteria from the microbiota.

The survival assay is based on flux cytometry and allows the distinction between dead, alive and early apoptotic cells. At 24h of culture, the supernatants of A2EN cells cocultured with G. vaginalis or infected with CT significantly increased the survival of neutrophils. The supernatant of CT infected A2EN in presence of G. vaginalis significantly increased neutrophil survival compared to uninfected or CT infected A2EN supernatants. L. crispatus supernatant did not significantly modify neutrophil survival whereas the supernatant of CT infected A2EN cells with L. crispatus increased neutrophil survival.

Overall, the activation status of neutrophils was increased in presence of bacteria from the microbiota in a context of CT infection or not. However, neutrophil survival was increased in presence of CT, G. vaginalis +/-CT as well as L. crispatus + CT only. No significant modification of neutrophil survival was observed in the condition L. crispatus alone.

Effect of supernatants of L. crispatus or G. vaginalis in contact of CT infected A2EN cells on HIV-1 infection

The effect of each supernatant on HIV-1 infection was tested in a human glioblastoma cell line (U87) expressing CD4 and CCR5. Two HIV-1 pseudotypes were used: one with a VSV-G envelop (HIV-1VSV-G) and a second one with HIV-1BaL envelop (HIV-1BaL). Pseudotype viruses are able to complete only one cycle of infection. HIV-1 pseudotype virus with the VSV-G envelop is able to enter the cells without binding to receptor (CD4) and co-receptor (CCR5). In contrast, CD4 and CCR5 binding is necessary to induce the entry in the cell of the pseudotype virus with HIV-1BaL envelop. Both pseudotype viruses are coupled with luciferase.

Luciferase activity, reflecting the infection, is read 48h post exposition.

The A2EN supernatants obtained previously were added on U87 cells 1h before/during and after HIV-1 exposition. Different supernatants were used : 1) A2EN cells alone ( 2 Blood neutrophis activation was induced in all conditions but the presence of bacteria from the vaginal microbiota induced higher neutrophil activation. Higher neutrophil survival was also detected when the stimulation was performed with supernatants obtained during CT infection in presence of not of bacteria from the vaginal microbiota or with G. vaginalis alone. We did not observed the activation of neutrophils in vivo upon CT infection. We have described that neutrophil phenotype in peripheral blood and cervicovaginal neutrophils are Thanks to this model, we monitored the impact of vaginal microbiota composition 1) on the local and systemic inflammation, 2) on the susceptibility to CT infection and 3) on the inflammation induced by CT. So far, we were not able to directly link a bacteria or a group of bacteria with CT susceptibility and inflammation.

Finally, we developed a Human in vitro model to better characterize the mechanisms involving bacteria from the microbiota and inflammation induced by CT infection. Therefore, we studied the effect of bacteria from the Human vaginal microbiota on CT induced inflammation. Then, this environment was tested to evaluate its ability to modify neutrophil phenotype and survival, as well as the susceptibility to HIV-1 acquisition. [287,288,290] and have significant similarities with Human in terms of immune systems [285,296]. Moreover, the FRT morphology, endocrine system and menstrual cycle are similar between the two species [298,299]. These informations demonstrated that cynomolgus macaques are a suitable model to study mucosal immune response to STI.

However, little were known about their mucosal environment. Does the FRT environmental factors are similar and vary similarly to Human? Is there an association between vaginal microbiota composition and inflammation as observed in Human? Can the vaginal microbiota composition regulate the inflammation induced by STI acquisition?

Vaginal microbiota composition

The vaginal microbiota composition is well described in human [193]. However, it was never studied in cynomolgus macaques despite of its possible effect on immune responses induced by an infection or a vaccine [195]. We have thus conducted the first study describing the vaginal microbiota of cynomolgus macaques. We determined that vaginal microbiota was highly variable according to times and hormonal cycle, compared to rectal microbiota Interestingly, the vaginal microbiota of Hispanic and black women in US was observed to be highly diverse compared to Asian and white women [193]. It was dominated by CST IV, demonstrated that a microbiota dominated by anaerobic bacteria is also common in Human and not always associated with a clinical condition. Therefore, the vaginal microbiota of cynomolgus macaques is quite comparable to the one of Hispanic and black women.

Furthermore, we have shown that the relative abundance of some genera is associated with progesterone levels.

During this first pilot study, we did not analyze the cervicovaginal inflammation, but focused on the vaginal microbiota only. Therefore, we set up another study to analyze the variation of immune markers, as well as the composition of the vaginal microbiota according to hormonal phases in the female cynomolgus macaques. 

Impact of menstrual phases on immune markers

We were able to determine that cervicovaginal immune markers including cytokine The variation of other immune cell populations according to menstrual cycle could also be investigated. Due to sampling limitation, we were not able to study other immune cells.

NK cell and macrophage total numbers were described to be altered in the endometrium.

Previous studies described that there is no variation of immune cells in the vagina [115,162].

however, they only focused on the total number of each cell type and not on their activation status or specific marker expression. Consequently, it would be very interesting to investigate the variation of other immune cells locally, using cervicovaginal cytobrushes, but also in peripheral blood. In our study on cynomolgus macaques, the total number of neutrophils in peripheral blood was modified according to menstrual cycle. No evaluation of the variation of neutrophil functionalities according to menstrual cycle was performed in our study.

Nevertheless, human studies described a modification of functional activity of peripheral blood neutrophils according to the hormonal cycle [149,333]. Moreover, T (CD3 + CD4 + , CD4 + and CD8 + Treg) and NK cell proportions in peripheral blood are significantly impacted during menstrual cycle [334,335]. These results highlight that more work is necessary to confirm that our animal model completely recapitulate what has been described in human. In addition, including the quantification of FSH and LH will be essential to study the ovulation phase in a next study. In fact, a paper on cervicovaginal secretion highlights an increase of several biological processes implied in inflammation in luteal phase compared to ovulation

[336]. Finally, Wira et al. described a "window of vulnerability", period at the end of the luteal phase during which several immune components are repressed to prevent fetus rejection [108]. During this period, the FRT was described to be more susceptible to STI acquisition.

All these modifications, according to menstrual cycle, have to be better investigated in cynomolgus macaques to determine if they can have an impact on STI susceptibility, but also on pathogen clearance or dissemination. These perspectives are summarized in figure 44. In our second study, we have longitudinally characterized cytokine production and neutrophil phenotype in cervicovaginal fluid and blood sample, as well as the vaginal microbiota in nine female cynomolgus macaques. We have shown that cervicovaginal cytokine production is very variable according to the animal, with some animals exhibiting a higher production of cytokines compared to the others [Fig43]. We can speculate that, as observed in women, a genus or a group of bacteria are capable of reducing local immune response. Unfortunately, we were not able to directly link vaginal microbiota composition to specific increase or decrease of cytokine concentrations. Principal component analysis (PCA) was performed on cervicovaginal cytokine concentration measured throughout the whole study [data not show] to determine if animals could be split in different groups that might be associated with a specific vaginal microbiota composition. The division of the samples was time points dependent and not animal dependent. Therefore, the vaginal microbiota could be different between the two groups (ongoing analysis).

Impact of L. crispatus presence on the local environment

To investigate the effect of vaginal microbiota composition on inflammation during an STI or not, we wanted to develop a model of female macaques vaginally enriched with L.

crispatus, a species associated with low inflammation in women. We managed to develop a model of female cynomolgus macaques vaginally enriched with human L. crispatus.

However, the enrichment was sustained only by repeated inoculations and was not optimal for all females. In terms of inflammation, we observed a lower vaginal cytokine expression in animals with a vaginal microbiota enriched with L. crispatus. However, this decrease could also be linked to a decrease in anaerobic bacteria, and not only to the presence of L. 174,178,235,338,339].

Study perspectives

To improve vaginal colonization with Lactobacillus spp., a natural strain obtained in cynomolgus macaques could be used. L. johnsonii, for instance, is detected in rhesus and 

Effect of vaginal microbiota composition on CT infection and inflammation

Antibiotic effect on CT infection and immunity

To study the effect of vaginal microbiota composition on CT infection and inflammation, two groups of females were studied. One group (n=6) was antibiotic treated only and the second (n=6) received antibiotic followed by Human L. crispatus inoculations.

Both groups were then repeatedly inoculated with CT. A non-persisting CT infection was detected in ten animals out of twelve, demonstrated that animals cleared rapidly the infection. However, repeated infections are needed in some animals to induce the production of specific anti-CT antibodies in the serum [Fig43]. It appears that animals that produce serum specific anti-CT antibodies do not suffer from CT reinfection. However, a recent study performed in women suffering from recurrent CT infection described stable level of anti-CT MOMP IgG antibodies, suggesting that antibodies do not completely protect from reinfection [START_REF] Öhman | Prevalence and persistence of Chlamydia trachomatis-specific antibodies after occasional and recurrent infections[END_REF]. Indeed, neutralizing antibodies against a VD4 region of MOMP as well as CD4+ T cells were demonstrated to be essential for bacterial burden clearance and reduced pathology in mice [340]. In our macaque study, specific peripheral T cell responses 

Effect of L. crispatus enrichment on immune responses

We have demonstrated that animals treated with L. crispatus develop higher titers of specific anti-CT antibodies in serum, compared to L. crispatus untreated [Fig43]. Bacterial load, measured in cervicovaginal swabs, between treated and untreated animal, was similar.

We do not know yet the mechanism involved in this phenomenon. Our hypothesis is that local production of anti-CT IgG might be stimulated by the presence of L. crispatus and or a specific vaginal microbiota and that local antibodies would be released in the bloodstream.

We only measured specific antibody production in the serum, but quantifications in cervicovaginal fluids are planned. Indeed, it will be interesting to see if the differences can also be observed or not locally. So far, we were not able to link a vaginal microbiota composition and anti-CT IgG production, this could be due to the delay between the actual production of antibodies locally and it increase presence in the blood. Quantification of specific antibodies in cervicovaginal fluids might answer these questions. In terms of cytokine production after CT infection, an increased production was noticed in cervicovaginal fluids of L. crispatus treated animal, compared to untreated, whereas the opposite was seen in peripheral blood. So far, the mechanisms by which the vaginal microbiota composition might affect peripheral blood immune responses are unknown.

Neutrophil phenotype was characterized in cervicovaginal cytobrushes and peripheral blood at baseline, before CT inoculation and one and four weeks after the last CT inoculation. We did not performed cervicovaginal cytobrushes for neutrophil phenotype analysis during the CT inoculations, to avoid the induction of local inflammation due to sampling, therefore we could not detect if an accumulation of neutrophils or a change of neutrophil phenotype occurs just after infection in the FRT. Since no persisting infection was induced, the sampling at the end of the protocol only allow us to determine the long-term effect of CT infection on neutrophils. We have shown that blood neutrophils were more activated and mature after CT infection in both groups. Concerning cervicovaginal neutrophils, only a significant decrease of the expression of CD11b was noticed. CD11b associated with neutrophil priming, is usually overexpressed on neutrophils during an infection [134,136] but, since the sampling was quite far away from the peak of infection, a lower activation state of neutrophils in the vaginal mucosa, compared to blood, might be expected. Indeed, it we can presume that resident cervicovaginal neutrophils are affected very quickly after CT infection, therefore modification of activation should be observed right after inoculation or infection. No persisting infection was noticed in the cervicovaginal fluids suggesting that neutrophil phenotype might return to a "resting" phenotype as soon as CT is eradicated. On the contrary, the systemic response takes a longer time to set up. We have observed in our study that two animals develop a strong systemic production of cytokine after CT infection therefore, we wondered if CT had disseminated in the FRT upper tract of these animals. No significant differences of cervicovaginal neutrophil phenotype was noticed in those two animals compared to others but we did not monitor neutrophil phenotype in the upper tract.

We could not verify neutrophil phenotype as well as CT persistence in the upper tract since no euthanasia was performed. [199,259,260].

Do human and macaque

This discovery highlights a possible difference between Lactobacillus spp in macaques and in Human. In Human, most of the studies focus on genus or species for the analyses of the impact on inflammation. However, a recent article described that Lactobacillus spp.

strains have different inflammatory properties, depending if they were isolated from a women with a Lactobacillus spp. dominant microbiota or with BV [212]. We can hypothesize that the strains induced in the vaginal microbiota of cynomolgus macaques might be equivalent to strains isolated from women with BV. Unfortunately, we were not able to link the abundance of L. johnsonii with a specific inflammatory environment, which could be associated to this increased susceptibility to CT.

Therefore, it would be interesting to investigate more deeply the mechanisms involved in the control of CT infection using in vitro experiments. We could, for instance, isolate L.

johnsonii strain from the macaque vaginal microbiota and test its ability to induce cytokines, adhere to epithelial cells and produce lactic acid. Then, this strain could be tested in the in vitro model to study its ability to induce CT infection.

Study perspectives

CT persistence within the FRT is also an issue for CT clearance. It has been shown that azithromycin is not sufficient to clear CT infection in macrophages, thus allowing CT persistence within macrophages. Moreover, the authors hypothesized that early infection of macrophages could drive chronic upper tract inflammation and pathology [345].

C. pneumoniae can also persist within neutrophils [346]. We presume that those two cell types could be involved in CT dissemination and upper tract infection. We did not detect a variation of the phenotype of cervicovaginal neutrophils in cynomolgus macaques upon CT infection. However, we did not monitor CT infection of neutrophils, neither did we quantified In the in vitro model, we demonstrated that peripheral blood neutrophils are more activated by an environment composed of bacteria from the microbiota than CT infection environment. In vivo, we did not see a higher activation of cervicovaginal neutrophils in We can presume that blood neutrophils are more prone to activation via the microbiota, compared to tissue specific neutrophils.

Impact of CT on HIV-1 susceptibility

We have shown an inhibition of HIV-1 infection by the supernatants obtained after G.

vaginalis interaction with CT infected or uninfected epithelial cells. This result is unexpected with regard to our initial hypothesis that G. vaginalis will increase the inflammation, and subsequently the susceptibility for HIV-1 infection. We detected more CCL5 production in supernatants after G. vaginalis stimulation, compared to L. crispatus. CCL5 is a chemokine with an anti-HIV-1 effect, indeed, it can bind to the co-receptor CCR5 present on HIV-1 target cells, enabling HIV-1 virions to bind and enter the cell [347]. Therefore, CCL5 concentration might be sufficient to decrease HIV-1 infection. Antibodies against CCL5 could be used to neutralize this chemokine and confirm its role on HIV-1 inhibition in this context.

Strength and limitation of the in vitro model

In vitro models are very useful to dissect a complex environment for understanding the involvement of each element. It allows in deep mechanistic studies with very straightforward results that are not biaised by others factors. However, tissue specific environments are very complex and the analysis of one factor does not completely reflect what happens in the tissue. For instance, in our study, the analysis of cytokine production of epithelial cells is relevant, since epithelium are the cells that are preferentially infected by CT and are in contact with the microbiota. Therefore, they sare the first responders to the infection.

Nevertheless, the FRT mucosa is also composed of immune cells that are recruited in case of an infection/inflammation, and a complex interplay takes place in the FRT, allowing either pathogen eradication or dissemination. Our current in vitro model was focusing on the interaction between the vaginal microbiota and epithelial cells, but does not recapitulate the complex environment present in the FRT. Other cell populations are needed to complete the model. Recently, human epithelial 2D cell culture and cervical organoid have been described

and could be used to better characterize the impact of vaginal microbiota composition [348].

Nevertheless, these cultures do not include other immune cells, such as myeloid or T cells. In addition, we focused our analysis on two bacteria that have a central role in inflammation in Human. This analysis is essential to study specifically the effect of those two bacteria on the infection and inflammation. However, two bacteria cannot recapitulate the whole microbiota. The human vaginal microbiota is composed of a wide range of bacteria, and even if it is dominated by Lactobacillus spp. other bacteria are present at low abundances. To better reproduce bacterial vaginosis, our model needs to be improved, first, by stimulating epithelial cells with multiple strains of bacteria associated with BV. We could also directly collect cervicovaginal fluids of women with BV and non-BV, and test their ability to induce pro-inflammatory cytokines by epithelial cells [Fig44].

Conclusion

In conclusion, my PhD work has allowed to:

(1) Characterize the composition of the vaginal and rectal microbiota of cynomolgus macaques. The rectal microbiota is very stable according to animal and time, in contrast to the vaginal microbiota which is influenced by the menstrual cycle and varies greatly according to animal. The vaginal microbiota was observed to be similar to the one of women suffering from dysbiosis (CST IV) in terms of taxa and abundances.

(2) Highlight the impact of menstruation on cervicovaginal inflammation translating into a surge of cytokines and accumulation of mature/activated neutrophils that originate from the blood. These results demonstrated that further studies focusing on local responses have to take into account those variations to avoid false interpretation of results.

(3) Establish a novel model of cynomolgus macaques with a vaginal microbiota enriched with L. crispatus. This model will be useful in studies aiming at understanding the impact of microbiota composition and inflammation control. were characterized. In addition, modification of neutrophil phenotype and survival according to bacterial stimulation was described. HIV-1 infection of target cells was also impacted.

Perspectives

This project focused on the role and regulation of the local inflammation and its influence on STI susceptibility. It updates our knowledge on the interaction between numerous cervicovaginal environmental factors in presence or absence of a STI. It highlights that cervicovaginal environment is a complex milieu composed of a wide array of factors that interact between each other and are influenced by hormones. This is the first study describing the phenotype and accumulation of resident cervicovaginal neutrophils in presence or absence of an STI. We were able to set up an in vivo model that could be used to better characterize the impact of vaginal microbiota composition on immune response to STI, but also vaccines among other things. It will be important to better understand the local inflammation and how to control it to reduce STI susceptibility. More importantly, this project gives a solid basis for the development of future projects focusing on other vectors of inflammation, such as the seminal fluid, or DMPA use and their impact on STI acquisition.

The impact of the seminal fluid on FRT mucosal inflammation in the context of CT/HIV-1-SIV co-infection is currently under evaluation in our team. Moreover, co-infection could also be studied in order to understand the role of the vaginal microbiota composition in the regulation of the immune response during an infection, and its ability to favour or repress another STI. In our laboratory, SIV infection of cynomolgus macaques through intravaginal route are set up. Therefore, an in vivo study aiming to better understand the impact of vaginal microbiota on CT/SIV coinfection could be performed. This study would allow to evaluate the nature and amplitude of the innate and specific immune responses in the mucosae and in peripheral blood.

Altogether, my PhD project was the first part of a story aiming at understanding the complex environment of the FRT mucosae, and how the factors in the FRT could favour or inhibit STI acquisition by regulating the inflammation.
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  disrupt the mucus layer or affect vaginal microbiota composition facilitating the passage of pathogens. Recent discoveries highlight a central role of the vaginal microbiota in the regulation of FRT inflammation and susceptibility to STI. During my PhD, I have studied the interaction of inflammatory markers within the FRT and their influence on the local and systemic inflammation at basal state but also during a Chlamydia infection. First, I introduce essential topics of the project including Chlamydia infection, FRT microenvironment, vaginal microbiota and the animal model used throughout this study. Secondly, I present the hypothesis and objectives of the work follow by the main results. The results include three articles and additional data. The first article on the vaginal and rectal microbiota composition of cynomolgus macaques has already been published.
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 1 Figure 1: CT infections by transmission, category and gender.
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 2 Figure 2: CT cases per 100 000 population categorized by age groups.
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 3 Figure 3: CT growth cycle.
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 4 Figure 4: Neutrophil role during CT infection.
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Figure 5 :

 5 Figure 5: Innate immune response induce by CT infection in the FRT.Cervicovaginal CT infection of epithelial cells favours the production of several cytokines and chemokines inducing the recruitment of innate immune cells. Red arrows represent negative impact on the FRT and green arrows positive impact on the FRT. Neutrophils were described to have a dual role during CT infection. Figure adaptedfrom Wira C. et al., 2005 [61].

Figure 6 :

 6 Figure 6: Adaptive immune response induced by CT infection in the FRT.

  a longitudinal study, endocervical/vaginal fluids and cervicovaginal lavages (CVL) were obtained from women infected with CT. Levels of cytokines and chemokines (G-CSF, IL-1α, CCL5, IL-10, IL-6, IL-1β and CXCL10) in endocervical fluids were higher than in vaginal secretions or CVL. On the contrary, IFNγ and TNFα levels were higher in vaginal secretions before starting antibiotic treatment than after antibiotic treatment. This demonstrated a global inflammation with an expression pattern of cytokines and chemokines distinct, depending of the FRT compartment. Using an in vitro model, the authors observed an increased HIV-1 infectivity due to endocervical secretions of CT infected women before but also after antibiotic treatment [100]. To attest the mechanisms involved, Buckner et al. used a double chamber experiment to evaluate the migration of cell-associated HIV-1 and cell-free virus through an epithelial barrier. The authors observed an increased cell-associated virus migration when epithelial cells are infected with CT [101]. Moreover, CD4 + T cells are preferentially recruited to the upper tract of mouse infected by CT [102].

  ) CT infection of endocervical epithelial cells induces the disruption of the epithelial barrier facilitating the crossing of HIV-1 cell free virus. (4) CT infection enhances cell associated HIV-1 migration through the epithelial barrier by transcytosis [101].

  and endocervix and a lower tract, composed of the ectocervix and the vagina. The two parts differ in their architecture, with two distinct types of mucosae (type I and II) [Fig7]. Indeed, the upper tract (uterus and endocervix), is characterized by a simple columnar epithelium formed by a layer of ciliated columnar cell connected by tight junctions (type I). This epithelium is involved in mucus and egg cell movement toward the uterus and fallopian tubes thanks to the cilia [104]. Type 1 epithelium expresses polymeric Ig receptor (pIgR) facilitating the passage of dimeric IgA into the lumen [103].The upper tract is characterized by microfold cells (M cells), the presence of mucosa associated lymphoid tissue (MALT) and secretory IgA antibodies [104]. The lower tract (vagina and ectocervix) is made of multiple layers of non-keratinized stratified squamous epithelium (type II). The type 2 epithelium is characterized by the presence of Langerhans cells (LC) and production of IgG antibodies. The critical zone for pathogen invasion is the transformation zone, between the upper and lower tract, where the multilayers squamous epithelium change to a single layer of columnar epithelial cells [105]. The transformation zone is immunologically active, the change of epithelium architecture allows the passage of small pathogens like HIV-1 to the lumen.The lower tract epithelium, which is composed of multiple layers of epithelial cells, permits the protection of underlining tissues from abrasion during intercourse. However, the lack of tight junction allows intra-epithelial passage of molecules including small pathogens and interaction of these pathogens to potential target cells. The epithelial barrier in the upper and lower tracts acts as a physical barrier but can also recognize PAMPs through PRR like TLR and NOD, and induces the production of cytokines, chemokines and antimicrobial peptides (AMP)[106, 107]. Pathogen specific antibodies in the FRT can bind to free and cell associated pathogens mediating their elimination through phagocytosis or by the complement system. IgG amount is greater in cervicovaginal fluids compared to IgA level[108]. A layer of mucus, covering the epithelium of the FRT, is in direct contact with pathogens. The Introduction mucus acts as a physical trap for pathogens thanks to gel-like properties. The mucus is composed of mucins, which are complex high-molecular mass O-glycoprotein of the MUC family. The cervical mucus is dominated by MUC5B and MUC5AC, which are gel-forming mucins together with MUC6. On the contrary, MUC1 and MUC16, also found in the cervical mucus, are membrane-bound mucins[109]. Mucus appearance depends on hormonal concentration. There are two types of mucus in FRT, depending of the stage of the hormonal cycle. During proliferation stage and ovulation, the estrogenic mucus is thin and watery with a low viscosity, allowing sperm movement. On the contrary, after ovulation and during the secretory phase, the progestational mucus is thick, sticky and blocks the passage of spermatozoa[104, 106]. In the lower tract, mucus is produced by goblet cells and mucus gland in the cervix and in the upper tract by mucus-secreting epithelial cells. In a normal state, the cervicovaginal mucus is acidic (pH between 4-5). The acidified environment in the vagina is mainly maintained by the production of lactic acid by Lactobacillus spp. present in the vaginal microbiota of healthy women. The maintenance of a low pH inhibits microbial growth. The vaginal pH is dependent on the vaginal microbiota composition. Indeed, a dominance of anaerobic bacteria, different from Lactobacillus spp. is correlated with a higher pH, which will increase the risk for STI acquisition.
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 7 Figure 7: Female reproductive tract epithelium and immune cell composition. (A)Representation of epithelium architecture of the upper and lower genital tract. (B) Proportion of T cells (CD3+), monocytes/macrophages (CD14 + ), NK cells (CD56 + ), B cells (CD19 + ) and others cells within the FRT. (C) Proportion of CD4 + , CD8 + among T cells within each compartments. Extracted fromBenjelloun F. et al., 2020 [110].
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 8 Figure 8: Bone marrow neutrophil subpopulations in Human.

  adherent and have a limited response to stimuli. Resting neutrophils move in the blood stream, constantly sampling the environment for signs of inflammation. Pro-inflammatory stimuli and chemokine gradient lead to adhesion, rolling, crawling and transmigration of primed neutrophils into the tissue [Fig9]. Several product including viral/bacterial products (LPS) or pro-inflammatory cytokines like TNFα, IL-18, IL-8 or GM-CSF induces neutrophil priming. Different priming agents induce different effects on the structural organization of neutrophils. Upon priming, neutrophils become adherent and are able to transmigrate, release granules, synthetize cytokines and lipids. Priming enhance chemotaxis, respiratory burst, NET formation and results in a delayed apoptosis in response to a second stimuli [135]. CD62L shedding and CD11b high expression on neutrophils are correlated to priming in the blood [136]. CD62L, or L-selectin, is a type I transmembrane glycoprotein involved in "rolling" of neutrophils on the vascular endothelial surface [137]. Transmigration in the tissue leads to release of secretory vesicles and specific granules [138].

Figure 9 :

 9 Figure 9: Neutrophils Upon stimulation, neutrophils attach to the endothelium through selectin ligand. After attachment, chemokine lining of the endothelium luminal part induces the rolling of neutrophils. Following rolling event, crawling is initiated by integrin attachment of the neutrophils to the endothelium. Chemokine gradient leads the neutrophils to the preferential sites of transmigration. Transmigration can occur through paracellular events or transcellular events]. Neutrophil immune functions include phagocytosis, NETosis, antimicrobial peptides/cytokines/ROS production. Extracted from Kruger P.et al., 2015 [138].
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 10 Figure 10: Cytokine expression by neutrophils.

  metalloproteinases and increase immune defense[106]. In animal models (rodent & pigs), insemination induces the production of a wide array of pro-inflammatory cytokines such as GM-CSF, IL-8, IL-6, CCL2 leading to an accumulation of macrophages, DC, lymphocytes and granulocytes. The great influx of neutrophils into the uterine removes unnecessary sperm, microorganisms and seminal debris[150]. In a mouse model, neutrophil depletion induces a blockade of the estrous cycle due to a dysregulation of serum steroid hormone levels, suggesting an important role of neutrophils in regulating hormone level[151]. Estradiol treatment of mice infected with C. albicans blocked neutrophil migration to the vagina and accumulated them in the ectocervix and fornix. This phenomenon is mediated by an altered expression of CD44 and CD47 expression of FRT epithelial cells enabling neutrophils to migrate to the vagina. On the contrary, progesterone treatment facilitates neutrophil migration and killing. These data suggested that neutrophil migration is dependent on sex hormones. Indeed, during the ovulation, neutrophils are not present in the vaginal lumen in order to facilitate the passage of sperm cells, although it may lead to vaginal infections [152]. Chronic infections in the FRT are known to induce an increase of neutrophils. Infection with N. gonorrhoeae of the cervix, induces an increase of neutrophils through the induction of pro-inflammatory cytokines by epithelial cells and resident myeloid cells (IL-6, TNFα, IL1β, IL-8) as well as IL-17 produced by Th17 cells [153]. Th17 cells, by producing IL-17 and IL-8, induce the recruitment of neutrophils, which in turn produce CCL20 and CCL2 and recruit Th17 cells [154]. The sustained neutrophils influx in the FRT is linked to tissue damage during N. gonorrhoeae infection. Indeed, antimicrobial components like proteases and ROS released by neutrophils enhance inflammation and neutrophil recruitment [153]. NET production is also known to induce epithelial cell damage due to NET components (histones and MPO) [155]. Symptomatic vulvovaginal candidiasis is correlated to an increased neutrophil recruitment compared to asymptomatic vulvovaginal candidiasis in women [156]. This influx has been linked, in mice, to candidalysin, a peptide toxin produced by C. albicans. Indeed, mice infected with C. albicans deficient in candidalysin exhibit a decrease in neutrophil recruitment, damage and pro-inflammatory cytokine expression [157]. However, neutrophils are also essential for pathogen clearance. In vitro experiments have shown that genital neutrophils are able to quickly release NETs, allowing the inactivation of HIV-1 virions [158]. Moreover, upon HSV-2 infection in mice, neutrophil recruitment mediated through IL-36γ expression is essential for pathogen clearance [159].

(

  Treg) or in cytotoxic T cells (CD8 + T cells). CD8 + T cells through binding to MHC class I of an infected cell will induce apoptosis of this cell mediated by granzyme-perforin release. CD4 + T cells (Th1, Th2 and Th17) will produce a wide array of cytokines involved in elimination of pathogens and B cell priming for instance [160]. Each FRT compartment has its own immune cell distribution with the T cells as predominant immune cells within the FRT [Fig7]. T lymphocytes are the most abundant leukocytes in the FRT. There is a high abundance of T cells in the cervix: 40% of T cells are CD4 + and 60% are CD8 + cells. Moreover, T and B cells are more abundant in the ectocervix compared to the endocervix [110, 161]. The majority of CD4 + T cells (70%) in the cervix have effector/memory (CD27 -CD45RA -) or effector phenotype (CD27 -CD45RA + ) and more than 60% of the CD8 + T cells have an effector phenotype (CD27 -CD45RA + ) [161]. The transformation zone contains the highest concentration of macrophages, CD4 + and CD8 + T cells compared to all FRT organs [162]. Rodriguez-Garcia et al. observed on human endocervix and ectocervix high expression of RORC2, IL-17 and CCL20 on CD4 + T cells corresponding to a Th17 phenotype. CD4 + Th17
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 11 Figure 11: Female hormone cycle.

  Boomsma et al. have observed a higher expression of IL-1β, IL-6, IL-12, IL-18, CCL2, VEGF, CCL10, MIF in the cervical fluids compared to IL-15, IL-10, IL-17, TNFα, MIF, and CCL11 [170]. Concentration of proinflammatory and immunoregulatory cytokines were measured in cervical secretions of 72 healthy women and IL-8, IFNγ, IL-2, IL-4, IL-5, IL-13 as well as IL-10, IL-12, IL-1β and IL-6 were detected [171]. At steady state, several cytokines and chemokines are regulated by hormonal levels, whereas some cytokines were described to not be affected by the menstrual cycle [172]. Several cytokine/chemokine/growth factor expressions in the uterus are different from the cervix, with a higher expression of IL-1β, IL-6, IL-10, IL-18, CCL2, and VEGF. IL-12 and IL-15 expression is lower in CVL compared to endometrial secretions of women prior to embryo transfer [170]. Cytokine levels, such as IL-6 and IL-8 in CVL, are increased during the follicular phase. Interestingly, the authors also observed an increase of plasma IL-8 during the follicular phase [173]. Another study, performed on CVL collected from women at different Introduction 55 periods during the menstrual cycle, has shown an increased expression of IL-18, IL-10, IL-17 and TGF-β and a decrease in CCL2 and stromal cell derived factor (SDF)-1β in samples collected post-ovulation [174]. Expression of CXCR4, CCR5 and CD4 is higher in uterine epithelial cells after ovulation, and stays high during the secretory phase for CXCR4 and CD4, or decreases for CCR5. A higher expression of CCR5 and CD4 is also observed during the secretory phase in ectocervix epithelial cells [175]. Regulation of antibody production by the menstrual cycle An increase in IgGA, IgG2 and total IgG levels was observed in CVL collected during ovulation [174]. The total amount of IgA, IgG and IgM reachs their maximum 3 days before ovulation and decreases by day 3-post ovulation in cervical mucus [172]. This decrease might be involved in reducing the levels of sperm-specific antibodies, permitting fertilization [108].
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 12 Figure 12: Factors including immune cells and soluble factors influenced by menstrual cycle in Human. Created with Biorender.com.
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  183]. The microbes present in and on the human body are commensal and are essential for our health. In the Human Microbiome Project, 300 subjects between 18 and 40 years old were sampled at 15 in man or 18 body parts in women [Fig13]. As expected, each body habitat has its own microbe signature, community dynamics and interaction with host tissue, and the abundance and diversity of each microbial habitat varies among subjects [184].

Figure 13 :

 13 Figure 13: Microbiota composition at the phylum level in the different mucosal human compartments. Data extracted from the human microbiome project [185].
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 14 Figure 14: Vaginal microbiota composition and impact on STI acquisition.

  involving several bacteria: (1) G. vaginalis colonization will remove Lactobacillus and initiates biofilm production, (2) G. vaginalis will facilitate the growth of Prevotella bivia, (3) production of enzymes along with vaginal sialidase by G. vaginalis and P. bivia will induce the breakdown of the mucus layer (4), the loss of the mucus barrier will favour the colonization by other anaerobic bacteria, such as A. vaginae, inducing a pro-inflammatory environment[220].

  birth, infant vaginal microbiota is mainly composed of bacteria from the gut microbiotathrough natural ascension [104]. Low estrogen level and thin vaginal epithelium in prepubertal girls allow the colonization of the vagina by Gram-negative anaerobe bacteria such as Veillonella, Bacteroides, Fusobacteria and Gram-positive bacteria including Actinomyces, Bifidobacteria, Peptococcus, Peptostreptococcus, Propionibacterium. Grampositive aerobes are also found in prepubertal girls including S. aureus, Steptococcus viridans, Enterococcus faecalis, Corynebacteria and Diphteroids [225].

Figure 15 :

 15 Figure 15: Lactobacillus spp. growth cycle.

Finally, HSV- 2

 2 infection in a South African cohort of 2750 women has been positively associated with BV acquisition [244]. To conclude, many different factors can influence the composition of the vaginal microbiota, they are summarized in the figure below [Fig16].
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 16 Figure 16: Diagram representing a wide array of factors influencing vaginal microbiota composition.
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  195]. K. Lennard et al. identified the same bacteria as well as other species associated with inflammation, such as BVAB1/2/3, Prevotella amni and pallens, Parvimonas micra, Megasphaera, G. vaginalis and A. vaginae in South African women aged 16 to 22 years old [246]. In addition, L. Masson et al. have determined that elevated expression of IL-1α, IL-1β and decrease of CXCL10 were associated with asymptomatic STI or BV in HIV negative young women (>500). Those markers were proposed by the authors to be used as biomarker for asymptomatic STI or BV [247]. In another study conducted on CVL, obtained from an African cohort, the authors observed an increase of IL-1α, IL-1β, G-CSF, GM-CSF and a decrease of CXCL10 in women suffering from dysbiosis [248]. In in vitro experiments, epithelial endocervical (End1)/ectocervical (Ect1) and vaginal cell line (VK2) were exposed to high concentration of bacteria from the vaginal microbiota. Cells showed an increased inflammation when they were exposed to G. vaginalis or A. vaginae compared to L. johnsonii. 71 End1 cells. One difference has to be noted between in vitro and in vivo analysis: the difference in CXCL10 expression [249]. In BV+ mouse model colonized by G. vaginalis, oral administration of L. acidophilus efficiently inhibits G. vaginalis induced epithelial cell disruption, MPO activity, iNOS and COX-2 expression, NF-κB pathways as well as IL-1β, IL-17, TNFα and increases IL-10 and Foxp3 expression. Moreover, the Lactobacillus species inhibited, in vitro, the differentiation of mice splenocytes into Th17 cells but increased their differentiation into Tregs [250].

group 1

 1 to 4 and MUC5AC was increased in group 4 compared to other groups, which could be explained by an increased production of mucus, or by the degradation of the mucus by BV associated bacteria. Cytoskeleton alterations (increasing actin-organizing proteins, decreasing keratins and cornified proteins) are observed in groups 3 and 4. Furthermore, Introduction 72 there is an increasing trend of cell death from group 1 to 4 reflecting cell damage. Histones (HIST3H2A, HIST2H3A/C/D, HIST4H4) and AMPs such as psoriasin or calprotectin were increased from group 1 to 4. Besides, proteasome core complex proteins, proteases and proteins involved in catabolism were also induced in dysbiosis women. Moreover, a proinflammatory cytokine, IL-36, was increased in women suffering from dysbiosis[252]. Lactic acid treatment of cervicovaginal epithelial cell lines, with physiologically concentrations of short chain fatty acid (SCFA), induced an anti-inflammatory environment (increase of IL-1RA).Moreover, lactic acid and SCFA mixture significantly decreased the expression of IL-6, IL-8, CXCL10 and CCL20 upon stimulation with TLR1/2 and TLR3 agonists. On the contrary, higher concentration of SCFA, compared to lactic acid, induced an increased expression of TNFα and a decreased expression of CCL5 and IP-10 upon TLR stimulation, suggesting that elevated SCFA might be responsible for the increased inflammation observed in the vagina of BV + women[253].The modulation of the vaginal immune response is summarized in the figure17and18.

Figure 17 :

 17 Figure 17: Eubiotic vaginal microbiota.Representation of a Lactobacillus spp. dominant cervicovaginal microbiota and the immune response induced. Red and blue arrows represent respectively high and low presence of cell populations or soluble factors. Adapted fromWira et al, 2005 [61] 
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 18 Figure 18: Dysbiotic vaginal microbiota.Representation of a diverse cervicovaginal microbiota composed mainly by anaerobic bacteria. Immune responses induce in this context is also represented. Red and blue arrows represent respectively high and low presence of cell populations/soluble factors or mucus secretion. Adapted fromWira et al, 2005 [61] 

  1α, TNFα, IFNγ, IL10, Vaginal inoculation of Prevotella bivia in germ free mice promotes the recruitment in the FRT of CCR5+ CD4+ T cells compared to mice inoculated with L. crispatus. This inflammation suggested an increased susceptibility to HIV-1 for women with CT4 due to an increase of HIV-1 target cells (CD4+ T cells and Th17 cells) and local pro-inflammatory cytokines[191].Introduction76In a in vitro model, vaginal fluids from women were exposed to a multilayer of vaginal epithelial cells, with either CD4 T cells (TZM-bl) or monocyte derived macrophages. The vaginal fluids from women with CT1 inhibited HIV-1 infection compared to women with CT4.HIV-1 infection was even enhanced when the in vitro model was cultured with vaginal fluids of women with CT4 containing high abundance of Ruminococcaceae spp., Sneathia sanguinegens, Atopium vaginae and Aerococcus spp.[262]. HIV-1 BaL (R5 tropism), exposed to CVL obtained from women, was significantly less infectious in a pH dependent manner, suggesting a role of lactic acid. Indeed, they observed a significant association between HIV-1 infectivity with percent of D and L protonated lactic acid. Low HIV-1 infectivity is associated with high percent of D and L protonated lactic acid, which correlated to a high relative abundance of Lactobacillus spp (particularly L. crispatus) [263]. Moreover, in vitro experiments using cervicovaginal mucus (CVM) collected from women demonstrated a better HIV-1 trapping when CVM concentration in D-lactic acid is high. These mechanisms seem to be mediated through hydrogen bonds between surface carboxyl groups and host-derived envelope glycolipids or glycoproteins. Furthermore, CVM that trapped HIV-1 generally exhibited an L. crispatus dominant microbiota whereas those that failed to trap HIV-1 had either a L. iners dominant microbiota or significant abundance of G. vaginalis. As already mentionned L. crispatus is able to produce L and D Lactic acid whereas L. iners can only produce L-lactic acid [264, 265]. On the contrary, Nahui Palomino et al. have shown that L-lactic acid and not D-lactic acid were the main contributors for HIV-1 inhibition on cervicovaginal explants. The authors also demonstrated that Lactobacillus were able to bind HV-1 virions, thus decreasing HIV-1 infection [266]. A recent study has linked extracellular vesicles (EV) produced by Lactobacillus and protection against HIV-1. EV are produced by Gram negative and positive bacteria. It has been described, in Gram negative, to be produced by the pinching off of the outer membrane of the bacteria. However, the mechanism implied in EV production in Gram + bacteria is not yet determined [267]. EV produced by Lactobacillus spp isolated from women (L. crispatus BC3 and L. gasseri BC12) inhibit HIV-1 replication in CD4+ T cells (MT-4 cells), human tonsillar and cervicovaginal tissues in a dose dependent manner. No HIV-1 inhibition was observed using EV from L. crispatus BC5 and L. gasseri BC13. The inhibition seemed to be mediated by a decrease of viral entry or attachment to the target cells. Metabolomic and proteomic analysis showed differences in EV composition depending of the ability to inhibit HIV-1. Indeed, HIV inhibiting EV are associated with more amino acids, and expression of several proteins such as enolase and elongation factor Tu. Those proteins were reported to play a role in adhesion to epithelial cells [268]. Finally, vaginal microbiota composition has been linked to antiretroviral microbicide gel protection against HIV-1. Treatment with an antiretroviral (tenofovir) prior to HIV-1 infection leads to a reduced efficacy in cultures colonized by bacteria from vaginal fluids of women with CT4 [262]. In the CAPRISA study, tenofovir (TFV) gel reduces HIV-1 incidence by 61% in women with a vaginal microbiota dominated by Lactobacillus, but only by 18% in women with a non-Lactobacillus dominant microbiota. Furthermore, TFV concentration in CVL negatively correlated with BV associated bacteria such as G. vaginalis and Prevotella. G. vaginalis, and to a lesser extend Prevotella species, are able to rapidly metabolized TFV before drug uptake by target cells. The mechanism involved the production of adenine by cleavage of the side chain component of TFV (oxy-methylphosphonic acid) [190]. A recent study has also described that CVL, collected from women suffering from BV, were able to degrade TFV and dapirivine (DPV) but not tenofovir alafenamide (TAF). The authors also demonstrated the importance of Lactobacillus in preventing drug degradation by other species of bacteria, highlighting that microbial communities are critical for TFV and DPV efficacy [269]. Interestingly, Taneva et al. observed different results, suggesting a more complex role of the microbiota in the modulation of topical antiretroviral efficacy. They observed that TFV transport into human cells is decreased at high pH. Compared to the study of Klatt et al., the authors did not observe any metabolization of TFV by G. vaginalis.

  Furthermore, neutrophils also contribute to the containment of the microbiota [Fig19][272]. A study, performed in patients receiving hematopoietic cell transplantation after chemotherapy, described a relationship between the gut microbiota and immune cell recovery. Indeed, Faecalibacterium, Ruminococcus and Akkermansia were associated with an increased number of neutrophils and, on the contrary, Rothia and Clostridium were negatively associated with neutrophil number[273].Firstly, antibiotic treatment of pregnant mice induces an altered gut microbiota with a reduced number of intestinal bacteria in neonates. Following birth, neonates continued to receive antibiotics and exhibited an altered granulopoiesis (decrease of bone marrow neutrophils, level of plasma G-CSF and IL-17A in the intestine) compared to naïve mice. Indeed, absence of the gut microbiota decreased the number of IL-17 producing cells in the intestine and consequent production of G-CSF. LPS stimulation through TLR4/MyD88 signaling pathway promotes IL-17 producing cells in the intestine leading to granulocytosis.Antibiotics-exposed neonates treated with G-CSF had an improved resistance to bacterial infection compared to untreated antibiotics exposed neonates, and exhibited an increased number of circulating neutrophils. Those results show that the microbiota is essential in the production of neutrophils[274].Secondly, germ free mice infected with K. pneumoniae produced a low amount of pro-inflammatory cytokines, decreased neutrophil influx and produced high level of IL-10.Colonization of germ free mice with a normal gut microbiota allows a better response to the infection. Moreover, treatment with LPS prior infection restored transiently the response to the infection (low level of IL-10, increased pro-inflammatory cytokines, increased number of neutrophils, low number of bacteria in the lung). Those results suggested a role of the microbiota in priming the neutrophils[275]. Furthermore, human circulating neutrophils progressively lose CD62L expression and up-regulated CXCR4 as they aged. Aged neutrophils have high levels of TLR4 and molecules involved in cell migration and intercellular interactions (CD11b, CD49d, ICAM-1), suggesting a high activation of aged neutrophils. Microbiota depletion in mice induces a reduced number of aged neutrophils, which can be restored by LPS (TLR4 ligand) or peptidoglycan (TLR2 ligand) treatment. In antibiotic treated mice, neutrophils remain in the circulation and exhibit significant reductions in neutrophil adhesion/Mac-1 activation compared to untreated mice, suggesting that the microbiota is essential for the generation of aged/activated neutrophils.Neutrophils in antibiotics treated mice exhibit a marked reduction in NET formation. Myd88, TLR2 and TLR4 knockout mice exhibit the same number of total neutrophils but with less aged neutrophils, suggesting a role of the microbiota in priming neutrophils[276].Thirdly, metabolites such as short chain fatty acid, secondary bile acid lithocholic acid or histamine produced by the microbiota, have been shown to modulate neutrophil function, which can be mediated by histone deacetylase (HDAC) or G protein coupled receptor[272]. SCFA produced in the colon by bacterial fermentation of polysaccharides are mainly composed of butyrate, propionate and acetate. Butyrate and propionate inhibit proinflammatory cytokines (TNFα and cytokines induced neutrophil chemoattractant-2) and nitric oxide production by LPS stimulated neutrophils (rat model). Moreover, those SCFA are also able to inhibit HDAC and NF-κB activation, which might explained the decrease in proinflammatory cytokines [277]. Finally, AMPs produced by neutrophils have been shown to modulate the microbiota. Mice deficient in cathelin-related antimicrobial peptide (CRAMP), the ortholog of cathelicidin, exhibit a significant dysbiosis of the gut (increased level of Introduction 80 bacteria from the oral cavity) which result in a higher susceptibility to colitis and azoxymethane-mediated carcinogenesis [278].
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 194 Figure 19: Gut microbiota regulation of neutrophil production and activation. (A) Microbiota production of small molecules allows crosstalk between microbiota and cell populations locally. (B) The small molecules produce by the microbiota can also diffuse into the circulation in order to regulate neutrophil functions. (C) Microbial products can diffuse into the Bone marrow to support lineage differentiation from hematopoietic stem cell by triggering mesenchymal stem cell cytokine production. Extracted from Zhang D. and Frenette PS, 2019 [272].
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 83 cytokines and chemokines) are different for instance[284, 285]. Moreover, FRT anatomy as well as hormonal secretion differs between humans and mice. For instance, the cervical epithelium differs between the two species[286]. Furthermore, several infectious pathogens do not infect or recapitulate human pathology in mice[287]. On the contrary, NHP have been described to be susceptible to wide range of human pathogens including viral (Simian Immunodeficiency virus, the simian analogue of HIV-1, ZIKA, Ebola, Chikungunya or Influenza) or bacterial infections (Periodontal disease, Tuberculosis, Chlamydia trachomatis) [287-290]. Cynomolgus macaques Three species of macaques are commonly used in biomedical research: rhesus macaque (Macaca mulatta), cynomogus macaque (Macaca fascicularis) and pigtail macaque (Macaca nemestrina) [291]. Cynomogus macaques, from the Cercopithecodae family, belong to the Old World monkeys, and are mainly distributed in southeast Asia. These macaques arbors different names, including crab-eating, cynomolgus or longtail macaques. The introduction of cynomolgus in Mauritius occurred in the sixteenth century, probably by European Introduction Portuguese or Dutch) sailors [292]. Mauritian island is assumed to be free of measles, Herpes B, Simian Betaretrovirus Serotype 1 and 2 [293]. Those macaques descend from a small founder population, which consequently led to low genetical diversity of the offspring. Indeed, Trask et al. have reported no significant difference in the genetic diversity when comparing macaques from different regions in Mauritius [294]. S.H. Lawler et al. observed a 10-fold lower variation in the mitochondrial genome of the Mauritian samples, compared to Indonesian and Filipino samples supporting very low genetic diversity in Mauritian macaques [295].
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 20 Figure 20: Cynomolgus macaque.

  vaginal microbiota of macaques exhibit very low abundance of Lactobacillus, in contrast to the one observed in the majority of women. RM harbor a diverse vaginal microbiota, composed of a wide range of bacteria including Sneathia, Peptoniphilis,Porphyromonas, Mobiluncus, Atopobacter, Dialister, Thioreductor, Prevotella and Streptococcus. Spear et al. have observed that four out of eleven RM had Lactobacillus, but only in two of them, the Lactobacillus sequences were found at a percentage higher than 1%. The vaginal microbiota of two RM were constituted by 39% and 11% of Lactobacillus sequences respectively at one time point. Most of the Lactobacillus detected in the vaginal microbiota of the rhesus were L. johnsonii, and few sequences correspond to L. gasseri and L. salivarus. The vaginal pH was high, with a median value of7 [302]. Analysis of pig-tailed monkey vaginal microbiota also highlighted a polymicrobial microbiota, where the most Introduction 86 observed sequences belonged to Sneathia and Fusobacterium, accounting for 18.9% and 13.3% of sequences in all the samples. Other bacteria were frequently observed in all the samples, such as Prevotella, Porphyromonas, Atopium and Parvimonas. Five animals had Lactobacillus sequences at a percentage higher than 2% of total sequences. Furthermore, only two animals exhibited a vaginal microbiota composed of more than 10% of Lactobacillus sequences with the highest amount reaching 27% at one time point[303]. A comparative study between humans and rhesus macaques oral, perianal and vaginal microbiota was performed by Chen et al. They observed that oral, perianal and vaginal microbiota of rhesus macaque were distinct from the human ones. Indeed, the vaginal microbiota was, as expected, more diverse than the human vaginal microbiota. The vaginal microbiota of rhesus macaques were mainly composed of Porphyromonas, Campylobacter,Saccharofermentans, Prevotella, Dialister, Fusobacterium and Sneathia [304]. Interestingly, several BV associated bacteria were found in the vaginal microbiota of rhesus and pig tailed macaques, such as Gardnerella,Prevotella, Fusobacterium, Sneathia, Atopium, Peptoniphilus, Dialister,. Juvenile rhesus macaques exhibited a lower vaginal microbiota diversity and an enrichment in Halomonas compared to adult females macaques[304].In a recent study, the vaginal microbiota was observed to be more diverse during lactation and menstruation. In addition, during lactation and menstruation, the bacterial composition of the vagina was closely related to one of the urethra of the male suggesting, a shift of the vaginal microbiota allowing minor bacterial species to dominate[305]. One hypothesis, explaining the difference in bacterial composition of the vaginal microbiota of macaques compared to humans concerns the levels of glycogen and lactic acid in the vagina of macaques. Indeed, Mirmonsef et al. have observed low levels of glycogen and lactic acid in the vaginal fluids of rhesus/pig-tailed compared to humans [306]. Diet habits might be involved in the Lactobacillus dominance observed in women vaginal microbiota. Indeed, Miller et al. hypothesized that high level of starch in human diets have induced an increased amount of glycogen within the vagina, which in turn promotes the proliferation of Lactobacillus [307].

  1, and ~84% of homology with HIV-2 [308]. Asian macaques are not naturally infected with SIV, but are susceptible to the infection. Rhesus and cynomolgus macaques are widely used to understand HIV-1 infection and in HIV-1 vaccine development. Cynomolgus macaques infected with SIV are known to reproduce closely HIV-1 disease progression observed in humans. Indeed, cynomolgus macaques infected with SIV have less severe levels of lymphopenia, lower peak and set-point viral loads, and slower disease progression, than rhesus macaques [309]. Intravaginal infections of cynomolgus macaques with SIVmac251 are well established in our laboratory (IDMIT). Vaginal inoculation of SIVmac251 in female cynomolgus macaques (n=4) leads to the early detection of the virus in vaginal fluids, between day 14 to 28, with a variable time of seroconversion [310]. 50% of the female cynomolgus macaques (n=12) inoculated with 0,5 animal infective dose of 50% (AID50) of Simian Human Immunodeficiency Virus (SHIV163P3) in the vagina got infected after two challenges [311].

For 91 Figure 23 : 92 Figure 24 :

 91239224 Figure 23: Heat map representing the fold change expression of cytokines and chemokines in cervicovaginal fluids upon infection. Median fold change was calculated based on the value at D0 (before CT infection). Blue represents decrease of cytokine concentration and red an increase compare to D0 values. Low dose group corresponds to animals inoculated with 10 6 IFU of CT (n=2) and high dose to animals inoculated with 10 7 IFU of CT (n=2). Red arrows represent intravaginal CT inoculations.

  I. Characterize longitudinally the vaginal microbiota in female cynomolgus macaques II. Study the interplay between the vaginal microbiota, the local inflammation (neutrophil accumulation/activation, production of pro-inflammatory cytokines) and the menstrual cycle in female cynomolgus macaques. III. Develop an in vivo model to study the impact of L. crispatus enrichment on CT infection: a. Modification of the vaginal microbiota using L. crispatus in cynomolgus macaque b. Infection with CT of female cynomolgus macaques exhibiting an L. crispatus enriched or not vaginal microbiota IV. Set up an in vitro model to : a. Study the modulation of the inflammation induced by the infection with CT of human endocervical epithelial cells by two species of bacteria present in the vaginal microbiota: L. crispatus and G. vaginalis, b. Test subsequently the different induced environments on HIV-1 susceptibility of target cells and on neutrophil survival and phenotype.

  Susceptibility to vaginal STI in women are impacted by several environmental factors including vaginal microbiota composition. For example, Gossman et al., have described a 4 fold increased risk in HIV-1 acquisition in women with a high vaginal bacterial diversity with low level of Lactobacillus spp. compared to women with a vaginal microbiota dominated by L. crispatus [191]. Cynomolgus macaques are commonly studied in biomedical research including in the field of sexually transmitted infections (STI). However, the vaginal microbiota of cynomolgus macaques was not yet characterized. Rhesus and Pig-tailed vaginal microbiota were observed to be poly-microbial with a wide array of bacteria including Sneathia, Fusobacterium, Peptoniphilus, Porphyromonas etc [302, 303]. A characterization of the vaginal microbiota composition of cynomolgus macaques was necessary to conduct subsequent studies aiming to understand the impact of the microbiota on the susceptibility to STI in this animal model. Therefore, the team has performed a longitudinal study on five female cynomolgus macaques during 15 weeks. Rectal and vaginal swabs were collected to determine and compare the composition of the rectal and vaginal microbiota in each animals. Moreover, progesterone concentration was quantified in the plasma to monitor menstrual cycle and determine if the vaginal and rectal microbiota composition are subject to hormonal fluctuation. I participated in the analyses and writing of this paper.

FIGURE 1 |

 1 FIGURE 1 | Experimental design and individual progesterone levels. (A) Five cynomolgus macaques were included in this study to characterize their vaginal and rectal microbiota. Blood, rectal, and vaginal swabs were sampled weekly during a period of 15 weeks. Four animals were housed in the same room and one animal in another. Room controls (air swab) were performed each week to check for possible contamination or other technical biases. After DNA extraction from the swab material, the bacterial 16S rRNA gene was sequenced using primers targeting the V3 and V4 regions. Sequenced reads were preprocessed and analyzed with QIIME for OTU detection and taxonomic assignment. Statistical analyses were then performed to identify relevant taxa. (B) Progesterone levels (black line) were determined in the plasma of the animals once a week for 15 weeks.

FIGURE 2 |

 2 FIGURE 2 | Relative abundance of identified taxa in rectal and vaginal samples. Analyses of relative taxa abundance were performed independently for rectal and vaginal samples. The means of the relative taxa abundances of the five animals are displayed using pie chart representations (A,B and top panels of C,D). The means of the relative taxa abundances for each animal are also represented (bottom panels of C,D). The most abundant taxa are indicated on the chart while other taxa are indicated in the legend. For each taxon, the name of the genus is indicated, when possible. In other cases, the family (f_), order (o_), class (c_), or phylum (p_) of the taxa are indicated.

FIGURE 3 |

 3 FIGURE 3 | Taxonomic specificities and similarities among rectal and vaginal microbiota. (A) Tree representation showing the taxa that were found to be specific to or common between rectal and vaginal samples. Vagina-specific taxa are shown in pink and rectum-specific taxa in green. Taxa found in both the rectum and vagina are shown in orange. (B) Multidimensional scaling representation showing the similarities between microbial samples of the dataset in terms of taxa abundance. Each dot in the representation corresponds to a biological sample and the distances between the dots are proportional to the Euclidian distances computed based on their relative taxa abundance. Each symbol represents an animal and each color represents a tissue. (C) Multidimensional scaling representation showing the similarities between macaque vaginal microbial samples of the dataset and human vaginal microbial samples from an external dataset (Ravel et al., 2010) in terms of their relative abundance. Five community state types (CST) are defined in humans. CST I, II, III, and V have predominantly Lactobacillus crispatus, Lactobacillus gasseri, Lactobacillus iners, Lactobacillus jensenii, respectively. CST IV comprises of a wide array of strict and facultative anaerobes and is further divided into two categories CST IV-A and CST IV-B. Dots are shaped and colored to represent the species. Human samples are also colored and shaped to show the community state types. The Kruskal Stress indicated in each MDS representation corresponds to the percentage of information lost during the dimensionality reduction process.

FIGURE 4 |

 4 FIGURE 4 | Kinetics of relative taxa abundance. The kinetics of the relative abundance for all identified taxa are shown for each animal, using stream graph representations for rectal (A) and vaginal samples (B) during the 15 weeks of follow-up. (C) The alpha-diversities were computed for each animal and at each time point and are represented for the rectum and vagina. Alpha-diversities were calculated based on the Simpson diversity index (1-dominance).

FIGURE 5 |

 5 FIGURE 5 | Associations between progesterone levels and taxa abundance in vaginal samples. (A) Heatmap representation showing the p-values for the association for each taxon, for each animal. The heatmap was restricted to the set of taxa found to be significantly different in abundance between samples taken when progesterone levels were high vs. when they were low. White rectangles represent situations in which differential analyses were not possible because the relative abundance was too low. For each taxon, the name of the genus or family (f_) is indicated. (B) Examples of relative taxa abundance and progesterone levels for four significant taxa in animals BA890I and CB804C. The histograms indicate the relative taxa abundance. Progesterone levels are indicated by the gray (≥1 ng/ml) or white (<1 ng/ml) rectangles.

FIGURE 6 |

 6 FIGURE 6 | Comparison of the genera found in the vagina of the cynomolgus, pigtailed, and rhesus macaque species. (A) Venn diagram showing the specific or common genera present at ≥1% in the vagina of the three different macaque species according to our results for the cynomolgus,[START_REF] Spear | Identification of rhesus macaque genital microbiota by 16S pyrosequencing shows similarities to human bacterial vaginosis: implications for use as an animal model for HIV vaginal infection[END_REF] for the pigtailed,[START_REF] Spear | Longitudinal assessment of pigtailed macaque lower genital tract microbiota by pyrosequencing reveals dissimilarity to the genital microbiota of healthy humans[END_REF] for the rhesus. (B) Table showing the mean abundance percentages for all genera found in the three macaque species. For the cynomolgus: average number of sequences in the 75 samples from the five animals; For the pigtailed: average number of sequences in 67 samples from 10 animals; For the rhesus: average number of sequences of two sampling time points from 11 animals. Taxa abundance percentages are also indicated by a color-gradient scale ranging from yellow (1%) to green (20%).

  vaginal microenvironment in women is composed of factors essential to restrain pathogen invasion. Several of these factors including soluble factors (cytokines/chemokines or antimicrobial peptides), vaginal microbiota composition, and immune cells are subject to hormonal fluctuation within the FRT [174, 222, 318].Those factors by modulating the local inflammation are determinant in STI susceptibility. For instance, an increase bacterial diversity in the vaginal microbiota has been associated
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 9 years old and originating from Mauritian AAALAC certified breeding centers were included in this study. All animals were housed in IDMIT facilities (CEA, Fontenay-auxroses), 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, the French regulations and the Standards for Human 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 ethical 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 (12h light/dark cycles). The animals were fed once or twice a day with commercial monkey chow and fruits. Water was available ad libitum. They were provided with environmental enrichment including toys and novel food under the supervision of the CEA Animal Welfare Officer.

Figure 1 :

 1 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 during three months. Samples were not collected during weeks 5 and 6. Created in BioRender.com. (B) Progesterone concentrations were quantified in plasma once a week in all individuals. The graphical representation of progesterone concentration including all animals was obtained using interpolated and aligned data (left). On the contrary, graphical representation of progesterone concentration in each individual was obtained using the raw data (right). Red arrows represent menstruation.

  cervicovaginal fluids and plasma by 23plex assay for the detection of: G-CSF, GM-CSF, IFNγ, IL-1β, 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, TGFα, TNFα, VEGF, IL-18 (NHP cytokine magnetic bead panel kit; Merck Millipore; Germany), according to manufacturer's instructions.

  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-CTTTCCCTACACGAC and reverse primer 5' CAAGCAGAAGACGGCATACGAGAT-NNNNNN-GTGACT-GGAGTTCAGACGTGT. The PCR reaction was carried out on 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 with equal amounts in order to generate equivalent number of raw reads for each library. The pool, at a final concentration between 5 and 20 nM, was used for sequencing. The PhiX Control v3

For

  all time points, cytokines were quantified in the plasma for each female and the mean fold change calculated based on the total mean value was represented for cytokines that are relevant for the study [Fig2A]. The concentration of G-CSF, IFNγ, IL-2, IL-8, IL-10, IL-12/23, CCL2, CCL3, CCL4, sCD40L, TGFα, TNFα and VEGF varied among females [Fig2A]. For instance, CBL015 had a higher plasmatic concentration of IL-2 and IFNγ compared to other females whereas BA738J had a higher plasmatic concentration of G-CSF, IL-12/23 (p40) and IL-2. We observed that cytokine concentration such as G-CSF, IL-8, IL12/23 (p40), CCL2 or sCD40L fluctuated according to time [Fig2B]. To further analyse if the variations were due to hormonal cycle, all the samples were divided into three groups based on their progesterone level and clinical observations (high or low progesterone level and menstruation). There were no significant alterations of cytokine concentrations in the plasma due to hormonal cycle [Supplementary Fig2].

Figure 2 :B

 2 Figure 2: Cytokine and chemokine expression in the plasma of female cynomolgus macaques (n=9). (A) Heatmap representing the mean fold change expression of cytokines and chemokines in the plasma in each animal (n=9). The fold change was calculated based on the mean expression of each cytokine/chemokine for all females and time points. A one way ANOVA test was performed to compare total fold change to each animal fold change values for each cytokine. Asterisks indicate p values considered statistically significant (*p ≤0.05, **p ≤0.01, ***p ≤0.001, ****p ≤0.0001). (B) Heat map representing the mean fold change expression of cytokines and chemokines in the plasma in all animals according to time (n=9). The fold change was calculated based on the mean expression of each cytokine/chemokine in each female. Red arrows represent menstruation.

Figure 3 :

 3 Figure 3: Cytokine and chemokine expression in cervicovaginal fluids of female cynomolgus macaques (n=9). (A) Heatmap representing the mean fold change expression of cytokines and chemokines in cervicovaginal fluids in each animal (n=9). The fold change was calculated based on the mean expression of each cytokine/chemokine for all females. A one way ANOVA test was performed to compare total fold change to each animal fold change values for each cytokine. (B) Heat map representing the mean fold change expression of cytokines and chemokines in the cervicovaginal fluids in all animals (n=9). The fold change was calculated based on the mean expression of each cytokine/chemokine in each female. Red arrows represent menstruation (C) Samples were clustered in three groups based on progesterone level or menstruation and each cytokine/chemokine concentration was plotted. A Kruskal-Wallis test with the Dunn test to adjust the p value was performed. Asterisks indicate p values considered statistically significant (*p ≤0.05, **p ≤0.01, ***p ≤0.001, **** p ≤0.0001).

Figure 4 :

 4 Figure 4: Neutrophil subpopulations in cervicovaginal cytobrushes and blood in female cynomolgus macaques (n=9). (A) Percentage of neutrophils among CD45 + cells in cervicovaginal cytobrushes and blood in all animals. One dot represents one sample of one animal. Blood samples are in red and cervicovaginal samples are in blue (B) Percentage of neutrophil subpopulations among CD66 + Lin -CD14 -CDw125 -in blood (left) and cervicovaginal cytobrushes (right) in all females. Each animal is represented by one symbole (C) Percentage of CD62L + , HLA-DR + and PD-L1 + expression on all neutrophil subpopulations in blood (left) and on main neutrophil subpopulations in cervicovaginal cytobrushes (right).

  cervicovaginal cytobrushes in three groups based on progesterone level and menstruation. A decrease of total neutrophils in peripheral blood was observed at menstruation compared to high progesterone. Only the population CD11b mid CD101 - CD32a mid varied with the progesterone level, peaking during menstruation [Fig5B]. On the contrary, more variations were observed in cervicovaginal neutrophils. The population 3, 4 and 7 decreased during the menstruation compared to high progesterone whereas the population 8 significantly increased during menstruation.Population 6 decreased during menstruation compared to low progesterone. The population 7 also expressed lower level of PD-L1 during menstruation. Interestingly, the population 8 expressed higher level of CD62L during menstruation compared to high and low progesterone groups. Moreover, populations 4, 5 and 7 decreased in the low progesterone group compared to high progesterone group, whereas the population 8 increased in the low progesterone group compared to high progesterone group. Thus, these findings show an increase in neutrophil CD10 expression during menstruation and an increase in neutrophil CD32a expression during the proliferative compared to the secretory phase. Other markers were also differentially expressed in neutrophils during the menstrual cycle : the population 7 expressed lower level of PD-and interestingly, the population 8 expressed higher level of CD62L during menstruation compared to high and low progesterone groups [Fig5C].

AFigure 5 :

 5 Figure 5: Variation of neutrophil subpopulations in cervicovaginal cytobrushes and blood during the menstrual cycle. (A) Main neutrophil subpopulations among CD66 + Lin -in both compartments according to time in all animals (mean of all animals, left) or in each animal (right). (B) and (C) Samples were clustered in three groups based on progesterone levels or menstruation and the percentage of each neutrophil subpopulations was plotted. A Kruskal-Wallis test with the Dunn test to adjust the p value was performed. Asterisks indicate p values considered statistically significant (*p ≤0.05, **p ≤0.01, ***p ≤0.001, ****p ≤0.0001). Only significant results were represented. (B) in blood, (C) in cervicovaginal cytobrushes.

Figure 6 :

 6 Figure 6: Kinetics of the vaginal microbiota composition of female cynomolgus macaques (n=9). (A) Relative abundance of bacterial taxa at the phylum level in each animal according to time. Relative abundance of the nine most represented genus (B) or families (C) in all females at all time points, in each female according to time. Unrepresented families and genus are in black (other).

  Vaginal microbiota composition of the female cynomolgus macaques (n=9). Percentages of mean relative abundances of phylum (A) or top9 most represented genus (B) in all animals (left) or in each female (right) are represented in pie chart.

Figure 7

 7 Figure 7: Variation of bacterial taxa in each phase of the menstrual cycle. Percentages of mean relative abundance of the nine most represented genus (top) in the high progesterone, low progesterone and menstruation groups is represented in pie chart for each female. Unrepresented genus are in grey (other).

Figure 8 :

 8 Figure 8: Vaginal microbiota diversity and differentially abundant bacterial taxa in each phase of the menstrual cycle. (A) Shannon index was calculated in each female for high progesterone, low progesterone or during menstruation and plotted together. A Kruskal-Wallis test with the Dunn test to adjust the p value was performed (**p ≤0.01). Analysis were made 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 increase or decrease of each bacterial taxa. The sign is associated to the group in bold text. As an example: Christensenellaceae is decreased during high progesterone compared to low progesterone.

9 :

 9 Graphical representation of relative bacterial taxa abundances according to hormonal phases at the family level. Only bacterial taxa that were differentially expressed according to hormonal phases are represented.

Figure 9 :

 9 Figure 9: Heatmap representing bacterial taxa (family level), neutrophil subpopulations and cytokine/chemokine expression that varied during the hormonal cycle. The heatmap represents log10 of fold change for each parameter (cytokines, neutrophil subpopulations, bacterial taxa indicated on the right side). Increased expression is shown in red and decrease in blue. Each animal is represented with a color code as well as 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 and B). Each cluster was then separated into subclusters (A1, A2 and B1, B2).

Figure 25 :

 25 Figure 25: Futur aims.Female cynomolgus macaques with an enriched Lactobacillus spp. vaginal microbiota or not will be infected with Chlamydia trachomatis (CT) or co-infected with CT and Simian Immunodeficiency virus (SIV). Then, different parameters will be studied: the susceptibility to infection/co-infection, antibodies production, local and systemic inflammation including the analysis of local and systemic innate and adaptive immune responses. Created with BioRender.com.

  At baseline, all the females had a Nugent score of 8, thus a highly diverse microbiota with no Lactobacillus spp[Fig 26A]. We did not observe Mobiluncus on the gram staining, so the Nugent score did not reach 10. Vaginal pH was quite stable around 7 (Mean: 6.68; SD: 0.24) for all individuals at baseline. Out of three females, only one female (CCB119) exhibited a decrease Nugent score (between 3 and 0) and pH (between 6 and 6.5) after one capsule, with a large amount of Lactobacillus and a decrease in anaerobic bacteria. However, the presence of Lactobacillus gradually decreased after day 7, associated with an increased in anaerobic bacteria and vaginal pH[Fig 26B]. The loss of Lactobacillus is more drastic during menstruation. Indeed, the menstruation interferes with the enrichment of Lactobacillus within the vagina. The two other females exhibited neither an increase of Lactobacillus nor a decrease of the pH after one treatment a week during 4 weeks. Given those results, antibiotic treatmentMetronidazole pretreatment followed byL. crispatus caspule inoculationMetronidazole is an antibiotic, often prescribed for women suffering from bacterial vaginosis (BV). BV+ women that use metronidazole gel for 5 days displayed a decrease in BV associated bacteria: BVAB1/2/3, Megashera, Atopium, Sneathia and G. vaginalis [200]. Furthermore, monthly oral treatment with metronidazole, in association with fluconazole, induces an increased abundance of Lactobacillus spp.[201]. We decided to use this antibiotic locally to remove anaerobic bacteria, since it was described to be efficient against a wide range of anaerobic bacteria that are highly abundant in the vaginal microbiota of cynomolgus macaques. Intravaginal treatment with a metronidazole suppository (Flagyl®; SANOFI aventis) was performed in five female cynomolgus macaques, two days before each inoculation of the capsule of L. crispatus (Physioflor ® LP; IPRAD). Interestingly, after antibiotic treatment, we observed on gram staining of vaginal fluids that a female had Lactobacillus spp. [Fig27]. This observation was confirmed by spreading the vaginal fluids on a MRS agar, which allows the growth of Lactobacillus.Based on these results, we decided to culture the vaginal fluids collected before antibiotic treatment on MRS agar to confirm the presence of natural Lactobacillus spp.. Isolated colonies were observed by gram staining to confirm bacterial morphologies (gram + bacilli shape bacteria), then each isolated colony was amplified and frizzed [Fig28]. The regions V3 and V4 of 16S rRNA of the isolated colonies were sequenced to confirm their affiliations to the Lactobacillus genus, and Basic Local Alignment Search Tool (BLAST) analysis gave us the species name [Table 7]. Cynomolgus macaques have very few Lactobacillus at baseline but metronidazole treatment, by reducing the number of anaerobic bacteria, facilitates the growth of natural Lactobacillus strains: L. crispatus, L. casei, L. animalis, L. murinus and L. johnsonii.

Figure 27 :

 27 Figure 27: Nugent scores and vaginal pH of cynomolgus macaques. Gram staining of vaginal fluids at D-2 (baseline), D0 (2 days after metronidazole treatment) and D5 (5 days after L. crispatus inoculation) in the three female cynomolgus macaques. Black arrow represents Lactobacillus spp.

Figure 28 :

 28 Figure 28: Isolated colonies from the vaginal microbiota of three cynomolgus macaques. Black arrow show Lactobacillus spp.

  Metronidazole treatment allows anaerobic bacteria number to decrease in the vaginal microbiota, as observed on the gram staining[Fig27]. Three females (CCB119, CCB115, CCC019) out of five exhibit a decrease in their Nugent score (between 0 and 3) for around 20 days after one antibiotic treatment and one inoculation of capsule. Indeed, the enrichment of Lactobacillus was observed until the menstruation [Fig29]. However, very few impact of the pH was observed. This observation suggests a low production of lactic acid, which can be due to an insufficient availability of glycogen breakdown, essential for lactic acid production and Lactobacillus growth. It can be also due to an insufficient presence of Lactobacillus. Menstruations removed Lactobacillus presence by disturbing the local environment, as observed already in the first phase. In order to sustain the enrichment with Lactobacillus, we decided to treat the three females, where we observed an enrichment of Lactobacillus, with high dose of Depo-provera®. Depo-provera® is a contraceptive composed of medroxyprogesterone acetate (MPA) which, at high dose, will affect the menstrual cycle by maintaining high level of progesterone, thus suppressing the menstruation. One month after the injection of Depo-provera by intramuscular route, the animals received the same protocol as before (antibiotic treatment two days before the capsule of Lactobacillus). Surprisingly, only one female exhibits a partial enrichment with L. crispatus during 10 days, but we could not see this enrichment after a second round of treatment[Fig30]. Depo-provera treatment has been described to reduce the thickness of the epithelium[177, 323]. Indeed, Depo-provera is known to reduce the number of glycogen bearing cells in the epithelium, which in return reduce the growth of Lactobacillus[324].

Figure 29 :

 29 Figure 29: Nugent scores and vaginal pH of cynomolgus macaques after metronidazole treatment. Nugent score is represented in blue and pH in orange. Green arrows represent intravaginal inoculation of L. crispatus capsule (Physioflor ® LP) and purple arrows the intravaginal metronidazole treatment. Menstruations are shown by a red zone.

Figure 30 :

 30 Figure 30: Nugent scores and vaginal pH in three cynomolgus macaques after Depo-provera treament. Depo-provera was injected by intramuscular route one month before the first metronidazole inoculation. Nugent score is in blue and pH value in orange. Green arrows represent intravaginal inoculation of L. crispatus capsule (Physioflor ® LP) and purple arrows the intravaginal metronidazole treatment.

  as reported by Hu et al. They have shown that repeated vaginal inoculation of a 9% sucrose gel (each day during 5 days) in rhesus macaques induces an increase of Lactobacillus sequences, between 50.84% to 96.98% in the vaginal microbiota of those macaques [322]. Two groups of three females were studied, one group was treated with Depo-provera, and the other not. Each female received an intravaginal inoculation of a 9% sucrose gel, twice a week during 3 weeks. Unfortunately, none of the females exhibited an increase in Lactobacillus after all the inoculations [Fig31].

Figure 31 :

 31 Figure 31: Nugent scores and vaginal pH of cynomolgus macaques after sucrose treatment. CCB115, CCB119, CCC019 received Depo-provera treatment one month before the first intravaginal inoculation of sucrose, whereas CBL005, CCD056, CDC034 did not received Depoprovera. Nugent score is in blue and pH value in orange. Pink lines indicate sucrose treatments.

between 2 .

 2 4% to 94% of neutrophils among the CD45 + cells[Fig35C]. Out of the 13 females, three females had a very low percentage (between 2.4% to 17%) of neutrophils. Interestingly, two of those females had a vaginal microbiota lacking in anaerobic bacteria and the third one had a vaginal microbiota dominated by gramnegative bacteria (Gram staining observation), which is not observed in females exhibiting a high percentage of neutrophils. Altogether these data indicate that, a highly diverse vaginal microbiota with anaerobes, such as Streptococcus spp., displays an increased inflammation (neutrophil accumulation, cytokine/chemokine expression) in the FRT compared to a less diverse microbiota, enriched or not by Lactobacillus spp.

Figure 32 :

 32 Figure 32: Nugent scores and vaginal pH of cynomolgus macaques. (A) Nugent score is represented in blue and pH in orange. Green arrows represent intravaginal inoculation of L. crispatus capsule (Physioflor ® LP) and purple arrows the intravaginal metronidazole treatment. Menstruations are indicated by a red zone.

Figure 33 :AFigure 34 :

 3334 Figure 33: Vaginal microbiota composition at baseline, after metronidazole treatment and L. crispatus inoculations in five cynomolgus macaques. (A) Vaginal microbiota composition at the phylum level or at the genus level (B) after two L. crispatus inoculations a week during two weeks (After 5 capsules) and after switching to one inoculation of L.crispatus a week (After 9 capsules).

Figure 35 :

 35 Figure 35: Neutrophil accumulation within the vagina of cynomolgus macaques. (A) Gating strategy used on cells collected from cervicovaginal cytobrushes to determine neutrophil accumulation (B) Percentage of neutrophils among CD45 + cells collected by cervicovaginal cytobrushes in the five female cynomolgus macaques at the end of the protocol (three metronidazole treatments and nine L. crispatus inoculations). C) Percentage of neutrophils among CD45+ cells collected by cervicovaginal cytobrushes in 13 healthy female cynomolgus macaques.

  . Moreover, azithromycin treatment for CT infection in women has been shown to induce a shift in their vaginal microbiota by inducing the selection of antibiotic resistant strains of G. vaginalis and L. iners[259]. Those strains were associated to increase risk of CT reinfection[258, 260]. Those data suggest a controversial impact of azithromycin uses for microbiota modification.

Figure 36 :

 36 Figure 36: Nugent score and vaginal pH value after azithromycin treatment and L. crispatus gel inoculations. Nugent score is represented in blue and pH in orange. Grey arrows represent intravaginal inoculation of L. crispatus gel and black arrows azithromycin treatment. Menstruations are shown by a red zone.

Figure 37 :

 37 Figure 37: Summary of the strategies tested during this thesis in cynomolgus macaques to induce L. crispatus implantation and growth in the vaginal microbiota.

  of 5 to 7 years old and originating from Mauritian AAALAC certified breeding centers were included in this study. All animals were housed in IDMIT facilities (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, the French regulations and the Standards for Human 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 ethical committee "Comité d'Ethique en Expérimentation Animale du Commissariat à l'Energie Atomique et aux Energies Alternatives" (CEtEA #44) under statement numbers A18-083, A18_107, A17_036 and A16_048. The study was authorized by the "Research, Innovation and Education Ministry" under registration number APAFIS#20692-2019051709424034v1. The twelve animals were housed in the same room in social groups of six animals under controlled conditions of humidity, temperature and light (12h light/dark cycles). The animals were fed once or twice a day with commercial monkey chow and fruits. Water was available ad libitum. They were provided with environmental enrichment including toys and novel food under the supervision of the CEA Animal Welfare Officer. Experimental design Several protocols were tested to induce the enrichment of exogenous Lactobacillus spp. in five female cynomolgus macaques [Figure 1]: (1) A single inoculation of a capsule of L. crispatus (Physioflor LP ® ; IPRAD PHARMA, Paris) ; (2) A single pretreatment with metronidazole two days before the inoculation of L. crispatus capsule; (3) Depo-provera® intra-muscular injection (30mg) one month before metronidazole pretreatment two days before the inoculation of L. crispatus capsule (Physioflor LP ® ; IPRAD PHARMA, Paris); (4) Depo-provera® intra-muscular injection (30mg) in 3 animals out of 6, one month before repeated sucrose gel inoculation; (5) Repeated treatment of metronidazole before repeated inoculation of L. crispatus capsule (Physioflor LP ® ; IPRAD PHARMA, Paris); (6) Repeated treatment of azithromycine before repeated inoculation of L. crispatus gel. Menstruation and Depo-provera injection reduced the enrichment of L. crispatus. However, repeated pretreatment with metronidazole or azithromycin followed by repeated inoculation of L. crispatus induced a higher rate of L. crispatus enrichment.

  selected to modify the microbiota composition. The experimental design is represented in the Figure2A. On days -23, -21 and -19, all females received a vaginal ovule of 187.7 mg ±17.8 (mean±SD) of metronidazole (FLAGYL 500mg ; SANOFI-AVENTIS). Then, a gel composed of 10 10 L. crispatus was inoculated intravaginally on days -16, -13, -9 and -6 to the females of the treated group. At day 0, all the animals received intravaginally 10 6 IFU of C. trachomatis serovar D and two days before (D-2) the animals from the treated group also received intravaginally the gel of L. crispatus. The experimental design of D-2 and D0 was repeated during six weeks so each animal received six inoculation of CT. After the six inoculations, the animals were followed up for four consecutive weeks[Fig2A].

Figure 1 :

 1 Figure 1: Summary of the results obtained to enrich the vaginal microbiota of female cynomolgus macaques with a human strain of L. crispatus. Several protocols were tested: (1) A single intravaginal inoculation of L. crispatus capsule (Physioflor LP ® ; IPRAD PHARMA, Paris) induced an increased presence of L. crispatus in only 1 animal out of 3. Moreover, menstruation disturbed L. crispatus enrichment. (2) Intravaginal pretreatment with metronidazole two days before L. crispatus capsule inoculation allowed a better L. crispatus enrichment (3 animals out of 5). (3) Depo-provera injection, to avoid menstruation, before antibiotic and L. crispatus inoculation reduced L. crispatus enrichment. (4) Sucrose gel inoculation in depo-provera treated or untreated animals did not allow the growth of natural Lactobacillus spp present within the vaginal microbiota of female macaques. (5) Repeated intravaginal treatment with metronidazole followed by repeated inoculation of L. crispatus capsule (twice a week) induced a L. crispatus enrichment in 3 females out of 5. (6) Identical strategy as the previous protocol but with oral administration of azithromycin and intravaginal inoculation of a more concentrated gel of L. crispatus gave similar results as previously obtained. Created with BioRender.com.

196 AFigure 2 :

 1962 Figure 2: Experimental design and progesterone level. (A) Twelve female cynomolgus macaques were included in this study and divided in two groups of six animals. After four weeks of baseline, all animals received ovules of metronidazole (three during one week) intravaginally (IVAG).Then animals from the L. crispatus treated group (n=6) received four IVAG inoculations of L. crispatus gel at 10 10 CFU (twice during two weeks) after washing the vaginal cavity with 0.02% of lactic acid. At D0, all animals were inoculated with a low dose of CT (10 6 IFU). At D-2 all animals within the L. crispatus treated group received the gel of L. crispatus. This design D-2/D0 was repeated six times, therefore all animals received six doses of CT. Then animals were followed during four weeks. Sample collection included: cervicovaginal swabs, cervicovaginal wecks, cervicovaginal cytobrushes, whole blood, PBMC and pH measurement. Created with BioRender.com. (B) Progesterone quantification (ng/mL) in each animal throughout the study (once a week). Red arrows represent menstruation.

  Cervicovaginal fluids were collected with a Weck-Cel Spear (Medtronic) placed in the vaginal vault for 2 min. Secretions were recovered from the spears by adding 600uL of elution buffer (PBS, NaCl 0.25M and protease inhibitor mixture; Merck Millipore, Fontenay-sous-Bois, France) and centrifuged at 13000xg for 20min. Secretions were then aliquoted and stored at -80°C before cytokine/chemokine quantification. Blood was collected and used for Complete Blood Count (CBC), then plasma and serum were collected, aliquoted and stored at -80°C for cytokine/chemokine and progesterone quantification. Cell Preparation tube (CPT) with Sodium Heparin were used to isolated mononuclear cells from peripheral blood (BD Biosciences, Le Pont-de-Claix, France) after centrifugation for 30 min at 3000 rpm. PBMC were collected at the top of the CPT gel surface and washed twice. Vaginal pH measurements were done by inserting a neonate nasal swab (Copan Diagnostics Inc., Murrieta, CA, USA) into the vaginal cavity for few second then vaginal fluids were spread on a pH paper ranging from 4 to 7.Cervicovaginal samples for microbiota analysis were collected with nylon flocked swabs inserted in the vaginal vault and turned four to five times before storing in amies liquid (ELITech Microbio, France). Swabs were then aliquoted and either used for Nugent Article III Results 199 score or stored frozen at -80°C until DNA extraction. Cervicovaginal cells were collected using two successive cytobrushes (VWR;Belgium) inserted in the vaginal cavity and turned 4 to 5 times. After collection, the cytobrushes were put in a 15 mL tube containing 5 mL of RPMI with 10% Fecal Calf Serum (FCS) and 5% Penicilin streptomycin neomycin (PSN). The samples were conserved on ice block before processing.

  cervicovaginal fluids and plasma by 23plex assay for the detection of: G-CSF, GM-CSF, IFNγ, IL-1β, 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, TGFα, TNFα, VEGF, IL-18 (NHP cytokine magnetic bead panel kit; Merck Millipore; Germany), according to manufacturer's instructions.

  CD10 and CD101 were used to determine maturity. CD62L shedding and CD11b increased expression were assessed to attest the priming status of blood neutrophils Article III Results 203 [27]. CD32a, CD64, PD-L1 and HLA-DR complete the panel to study the activation of neutrophils in both compartments. Phenotyping was performed on a Fortessa (BD, Biosciences) with DIVA (BD) and FlowJo (Tristar, USA) software. The gating strategy in cervicovaginal cytobrushes is described in the supplementary figure 1.

Supplementary figure 2 :

 2 follow variations of Gram-positive rod-shaped enrichment and of the pH, associated with Lactobacillus spp, Nugent score and vaginal pH measurements were performed. The Nugent score baselines ranged between 7 and 8 and pH between 5.8 and 7 for all animals, suggesting a dysbiotic environment. Metronidazole treatment induced no significant differences in term of Nugent score or pH measurement in each group. However, repeated inoculation of L. crispatus in the treated group induced a significant decrease of Nugent score at day 7 (p value: 0.0498), day 14 (p value: 0.0011) and day 28 post CT inoculation (p value: 0.0002) [Suppl fig 2A]. No significant impact on pH was noticed [Suppl fig 2B]. Results 208 Nugent scores of each female during the three months of follow up.

Figure 3 :

 3 Figure 3: Variation of vaginal microbiota bacterial species after metronidazole treatment in all animals. A DEseq2 analysis was performed to evaluate differentially abundant species after metronidazole treatment compared to baseline. Heatmap representing the fold change after log10 transformation of increased or decreased species abundances in both conditions. Purple and Greentime points match baseline and after metronidazole treatment respectively. The scale starts from 0 to above 5, red represent increase abundance of the species. Species identification are on the right of the heatmap and sample ID on the bottom.

FoldincreaseFigure 4 :

 4 Figure 4: Variation of vaginal microbiota bacterial species after four inoculations of L. crispatus or not. A DEseq2 analysis was performed to evaluate differentially abundant species after L. crispatus inoculations compared to after metronidazole treatment. Heatmap representing the fold change after log10 transformation of increased or decreased species abundances in both conditions in the L. crispatus treated group (A) and in the untreated group (B). Blue and pink time points match after L. crispatus inoculation (A) or no treatment (B) respectively. After metronidazole treatment are in green. The scale starts from 0 to above 5, red represent increase abundance of the species. Species identification are on the right of the heatmap and sample ID on the bottom.

Figure 5 :

 5 Figure 5: CT load and anti-CT IgG production in both groups. Graphical representation of (A) log10 transformation of CT load and (B) anti-CT IgG production (Units x dilution factors) in L. crispatus treated (left) and untreated (right) animals throughout the study. One color represents one animal. (C) Individual representation of CT load (log10 transformation) and anti-CT IgG production in each CT infected animal throughout the study. Blue and red curves match anti-CT IgG and CT load respectively. Left y-axis correspond to CT load and right y-axis correspond to anti-CT IgG. (D) Area under the curve (AUC) calculation of CT load (left) and anti-CT IgG (right). A Mann-Whitney test was performed to compare AUC of CT load or anti-CT IgG between groups. Asterisks indicate a statistically significant p value (*p ≤0.05, **p ≤0.01, ***p ≤0.001, **** p ≤0.0001).

  individual bar plot of the top 9 most represented species in each animal was represented with CT load curves [Suppl fig5 A and B]. Variation of relative abundance was observed in each individual without highlighting a clear association between species abundances and CT load. Then, to study the impact of Lactobacillus spp. on CT susceptibility, individual bar plot representation of Lactobacillus spp abundance overlaid with the bacterial load was made [Fig6 A and B]. In the treated group, the main species of Lactobacillus observed was L. crispatus [Fig6A]. It's abundance varied according to animals and time points. In the untreated group, L. johnsonii was the main Lactobacillus species observed [Fig6B]. It's abundance varied according to animal but two females (CR403 and CS693) had high abundance of L. johnsonii at most of the time points. Interestingly, peaks of CT matched with high abundance of L. johnsonii. To further investigate if a specific bacterial composition at CT inoculation could facilitate Article III Results

Figure 6 :

 6 Figure 6: Vaginal lactobacillus spp abundances and CT load in each animal. Individual bar plot representing Lactobacillus spp abundances (%) in each animal from the L. crispatus treated group (A) and untreated group (B) superposed with CT load after log10 transformation throughout the study. Red dotted line represent CT load. Bar plot color of L. animalis is pink, L. johnsonii is purple and L. crispatus is blue. Purple, green and red arrows represent metronidazole treatment, L. crispatus inoculation and CT inoculation respectively.

Figure 7 :Figure 8 :

 78 Figure 7: Alteration of vaginal microbiota composition by CT infection for each animal. Pie chart representing the top 9 most represented species in each animal before CT infection (before CT), at the infection (CT+) and during inoculation but after CT infection (inoc + after CT) in the L. crispatus treated group (A) and in the untreated group (B).

  determine if the vaginal microbiota composition return to baseline after CT inoculations, a differential analysis was performed in both groups at the last time point of the study (D63) compared to baseline [Fig9 A and B ; table

Figure 9 :

 9 Figure 9: Variation of vaginal microbiota bacterial species at the last time point of the protocol in each group. A DEseq2 analysis was performed to evaluate differentially abundant species at the last time point of the protocol compared to baseline. Heatmap representing the fold change after log10 transformation of increased or decreased species abundances in both conditions in L. crispatus treated group (A) or untreated group (B). Fuchsia and purple time points match last time point of the protocol and baseline respectively. The scale starts from 0 to above 5, red represents increase abundance of the species. Species identification are on the right of the heatmap and sample ID on the bottom.

Figure 10 :

 10 Figure 10: Peripheral blood cytokine production. (A) Log10 cytokine production in L. crispatus treated and untreated animals during CT infection. A Mann-Whitney test was performed to compare cytokine production between groups. Asterisks indicate p value considered statistically significant (*p ≤0.05, **p ≤0.01, ***p ≤0.001, ****p ≤0.0001). (B) Heatmap representing the median fold change of cytokine and chemokine concentrations in peripheral blood serum in L. crispatus and untreated animals throughout the study. The fold change was calculated based on the expression of each cytokine/chemokine for each female at baseline. Red indicates an increase fold change and blue a decrease. (C) Log10 cytokine production in L. crispatus treated and untreated animals after CT infection. A Mann-Whitney test was performed to compare cytokine production between groups. Asterisks indicate a p value considered statistically significant (*p ≤0.05, **p ≤0.01, ***p ≤0.001, ****p ≤0.0001).

Figure 11 :

 11 Figure 11: Cervicovaginal cytokine production. (A) Heatmap representing the median fold change of cytokine and chemokine concentrations in cervicovaginal fluids in L. crispatus treated and untreated animals throughout the study. The fold change was calculated based on the expression of each cytokine/chemokine for each female at baselines. Red indicates an increase fold change and blue a decrease. A Mann-Whitney test was performed to compare fold change of cytokine concentration between groups. Asterisks indicate a p value considered statistically significant (*p ≤0.05, **p ≤0.01, ***p ≤0.001, **** p ≤0.0001). (B) Log10 cytokine production in L. crispatus treated and untreated animals during CT infection. A Mann-Whitney test was performed to compare cytokine production between groups. (C) Log10 cytokine production in L. crispatus treated and untreated animals after CT infection. A Mann-Whitney test was performed to compare cytokine production between groups.

  inoculations [Fig12A]. On the contrary, the alteration of neutrophil subpopulations in the untreated group was significant only one week after the six CT inoculations [Fig12B]. To study the expression of activation and maturation markers, the mean fluorescence intensity on total neutrophil populations was analysed [Fig13]. In both groups, CD32a, HLA-DR and CD10 expression was significantly increased after CT inoculations whereas CD101 and CD62L expression was decreased. CD101 expression was decreased in both groups at four weeks after CT inoculations [Fig13A and C]. Furthermore, HLA-DR expression was significantly increased in both group one and four weeks after CT inoculation [Fig13B and D]. In L. crispatus treated animals, CD32a and CD10 expression were increased at one and four weeks after CT inoculations whereas in the untreated group CD32a and CD10 were significantly increased only one week after CT inoculations [Fig13]. Finally, untreated individuals exhibited a decreased expression of CD62L at both time points after CT inoculations whereas it was significantly decreased only four weeks after CT inoculation in treated animals [Fig13B and D]. Overall, CT infection induced an accumulation of mature (CD10+) and activated (CD32+, HLA-DR+) neutrophils in peripheral blood in both groups.

Figure 12 :

 12 Figure 12: Neutrophil subpopulations in peripheral blood. Percentage of neutrophil subpopulations among CD66 + Lin -CD14 -in L. crispatus treated (A) and untreated animals (B) at baselines, after metronidazole treatment or metronidazole treatment and L. crispatus inoculation (Post-ATB), one week after the last CT inoculation and four weeks after the last CT inoculation. A two way ANOVA test with the Turkey test to adjust p value was performed to compare baseline value to other time points. Asterisks indicate a p value considered statistically significant (*p ≤0.05, **p ≤0.01, ***p ≤0.001, ****p ≤0.0001).

Figure 13 :

 13 Figure 13: Expression of markers of activation and maturation on peripheral blood neutrophils. Heatmap representing the mean fluorescence intensity (MFI) of CD32a, CD11b CD101 (A, C), or CD62L, PD-L1, HLA-DR, CD10 (B, D) expression on neutrophils (CD66 + Lin -CD14 -) at all time points. Heatmap of L. crispatus treated (A, B) and untreated animals (C, D). A two way ANOVA test with the Turkey test to adjust p value was performed to compare baseline value to other time points. Asterisks indicate p values considered statistically significant (*p ≤0.05, **p ≤0.01, ***p ≤0.001, ****p ≤0.0001).

Figure 14 :

 14 Figure 14: Neutrophil subpopulations in cervicovaginal cytobrushes. Percentage of neutrophil subpopulations among CD66 + Lin -CD14 -in L. crispatus treated (A) and untreated animals (B) at baselines, after metronidazole treatment or metronidazole treatment and L. crispatus inoculation (Post-ATB), one week after the last CT inoculation and four weeks after the last CT inoculation. (B) Heatmap representing the mean fluorescence intensity (MFI) of CD11b expression on neutrophils (CD66 + Lin -CD14 -) at all time points in L. crispatus treated (left) and untreated animals (right).

Figure 15 :

 15 Figure 15: Clustering before CT inoculations exhibits differences in CT immune responses. (A) Principal component analysis on microbiota data collected two days before the first CT inoculation. Animals that were not infected (CS865 and CS794) were excluded of the analysis. A clustering in two groups was generated distributing the animals in two groups: group 1: CQ806, CR439, CR703, CS711, CR574 ; group 2: CR603, CQ819, CR403, CS693, CS742. Bar plot representation of CT load (B), anti-CT IgG (C) in each group. (C) Bar plot representation of CCL2 concentration during CT infection (top) as well as CCL2, CCL4, sCD40L measured in cervicovaginal fluids after CT infection (bottom) in each group was generated. A Mann Whitney test was performed to compare both groups. Asterisks indicate p values considered statistically significant (*p ≤0.05, **p ≤0.01, ***p ≤0.001, ****p ≤0.0001).

  study: Effect of L. crispatus and G. vaginalis on CT induced inflammation. Consequences on neutrophil function and phenotype as well as HIV-1 co-infection Introduction and objectives In parallel to our in vivo study and to evaluate the mechanisms involved in the regulation of the innate immune response by the vaginal microbiota, we set up a Human in vitro model. This model aims at better characterizing the mechanisms involved in inflammation upon a STI and how the vaginal microbiota can regulate it. CT preferentially infects columnar epithelial cells leading to the production of cytokines such as IL-1, IL-6, IL-8, IL-12, IL-18, TNF, IFNγ, IL-10 as well as growth factors like VEGF, G-CSF, GM-CSF[34, 35,[38][39][40]. FRT inflammation is regulated by environmental factors including the vaginal microbiota (dominant in Lactobacillus spp. vs low in Lactobacillus spp). A vaginal microbiota dominated by Lactobacillus spp. is known to be protective against STI including CT and HIV-1[191, 192]. Moreover, Lactobacillus crispatus is the most protective strain due in part to its ability to produce both lactic acid isomers[207]. On the contrary, Gardnerella vaginalis has a central role in bacterial vaginosis acquisition by being a part of a group of organisms including Atopium, Megashaera, Sneathia and BV associated bacteria (BVAB1/2/3) involved in the induction of a dysbiotic environment[220]. It was described to induce a proinflammatory environment compared to Lactobacillus spp.[249]. Therefore, L. crispatus and G. vaginalis have opposite effect on the local inflammation. However, the effects of both bacteria on the inflammation induced by a STI is poorly studied. Moreover, this modified environment could also have an impact on the phenotype and function of immune cells and the susceptibility to co-infection. We have demonstrated in vivo, that cervicovaginal neutrophil phenotype is not altered after CT infection but we did not study the survival of neutrophils. Indeed, neutrophil survival was described to increase in presence of anaerobic bacteria[281]. The effect of vaginal microbiota composition on co-infection is poorly studied even though STI co-infection is a major public health issue especially in young women. A preexisting STI can favour the acquisition of a second STI. For instance, women sufferingIn vitro study Results

Figure 38 :

 38 Figure 38: Experimental design.A2EN cells were exposed to CT then L. crispatus or G. vaginalis were added or not and 24h post-CT infection supernatants were collected. Poly I:C was also used to ensure the good responsiveness of A2EN cells upon stimulation. Supernatants from each condition were analyzed for cytokine/chemokine production. Then supernatants of each conditions were added on (1) HIV-1 target cells exposed to the virus to study HIV-1 susceptibility or (2) isolated neutrophils from the blood to study their phenotype and survival. Created with BioRender.com.

FirstFigure 39 :≥Figure 40 :Figure 41 :

 394041 Figure 39: CT infection of A2EN cells. (A) Heatmap representing the mean fold change expression of cytokine concentration based on the cytokine concentration obtained in uninfected cells. Mean of two independent experiments (triplicates for each condition) was calculated. Different conditions are represented: C. trachomatis MOI 1 (1), MOI 4 (4), MOI 12 (12) and Poly I:C (0). Blue represents decrease expression and red an increase. Baseline values are presented on the left of the heatmap. (B) Staining of CT infected A2EN cells at MOI 12 after 24h of culture. Anti-HSP60 was used to stained intracellular (yellow) and extracellular CT (green). Phalloïdine was used to stain actin (red) and Dapi the nucleus. (C) GM-CSF, IL-1RA and IL-6 concentrations in different conditions: non-infected (NI), CT MOI 1, CT MOI 4, CT MOI 12. Log10 of cytokine concentrations (pg/mL) are represented and a Kruskall-Wallis test was performed. p value was adjusted with Dunn's test. Asterisks indicate p values considered statistically significant (*P ≤0.05, **P ≤0.01, ***P ≤0.001, **** P ≤0.0001).

  supernatants were used : (1) A2EN cells alone (2) Infected A2EN with CT (3) A2EN cells exposed to L. crispatus (4) A2EN cells exposed to G. vaginalis (5) A2ENs cells infected with CT and exposed to L. crispatus (6) A2ENs cells infected with CT and exposed to G. vaginalis (7) A2EN cells stimulated with Poly I:C. The phenotype was studied 6h post-supernatant exposition whereas survival was monitored at 24h post-supernatant exposition.

  )Infected A2EN with CT (3) A2EN cells exposed to L. crispatus (4) A2EN cells exposed to G. vaginalis(5) A2EN cells infected with CT and exposed to L. crispatus(6) A2EN cells infected with CT and exposed to G. vaginalis (7) A2EN cells stimulated with Poly I:C. HIV-1BaL infection decreased with supernatants of CT infected cells and Poly I:C stimulated cells. VSV-G infection decreased with supernatant of Poly I:C stimulated cells. L. crispatus supernatants in context of CT infection or not did not modify HIV-1BaL or HIV-1VSV-G infection compared to the supernatants of uninfected cells. In contrast, supernatants of G. vaginalis in context of CT infected or not decreased HIV-1BaL or HIV-1VSV-G infection compared to supernatants of uninfected cells. Overall, we shown that supernatants of CT infected cells as well as supernatants of G.vaginalis with or without CT infection induced a decrease of HIV-1 pseudotype infection.Data summaryAltogether, we set up a Human in vitro model permitting the evaluation of the effect of bacteria from the vaginal microbiota, in a context of CT infection, on cytokine and chemokine production but also on neutrophil phenotype/survival as well as HIV-1 coinfection. We have demonstrated that L. crispatus and G. vaginalis induce different cytokine profiles. Interestingly, the cytokines induced during CT infection, in presence of bacteria from the vaginal microbiota, are similar to a single interaction with L. crispatus or G. vaginalis without CT infection. These results demonstrated that bacteria from the vaginal microbiota have a strong impact on cytokine production of epithelial cells despite a preexisting CT infection. This observation could be due to the mild CT infection since the percentage of infection is only of 30% after 24 hours. Moreover, the stimulation with L. crispatus and G. vaginalis could be to early compared to CT infection development therefore explaining that the profile of cytokine produce are the same as a single stimulation with L. crispatus and G. vaginalis. Nevertheless, we can still observed a lower inflammation induced by L. crispatus compared to G. vaginalis.

  different [C. Adapen et al., Local immune markers and vaginal microbiota composition are influenced by hormonal cycle phases]. Therefore, this difference in neutrophil activation status might be attributed to the use of peripheral blood neutrophils in vitro and not mucosal one. Low neutrophil survival in presence of Lactobacillus spp was also described in a previously published article of T. Hensley-McBain [281]. They also used peripheral blood neutrophils. Surprisingly, we observed that CT infection can decrease HIV-1 susceptibility in vitro in opposition to the literature [100]. Moreover, we detected that G. vaginalis supernatants with or without CT infection reduced HIV-1 co-infection as well. These results might be explained by the fact that this in vitro model does not completely recapitulate the FRT mucosae. Only the first steps with the epithelial cells are studied. For further experiment, polarized cells might be a better model to study cytokine production. Moreover, an in vitro model including directly other immune cells should be used to study the impact on HIV-1 co-infection. Indeed, CT was observed to increase HIV-1 infection in vitro through an increased cellassociated virus migration [101].General discussionDuring this thesis, I have studied environmental factors present within the FRT and their interplay in a context or not of an STI. This project focused on how we could modulate the local inflammation through the manipulation of the vaginal microbiota to decrease STI acquisition but also STI induced inflammation. Moreover, we were able to set up and validate an in vivo model essential to better understand the impact of FRT environmental factors on inflammation and on STI acquisition. Several objectives were achieved[Fig42]. First, we characterized the vaginal and rectal microbiota of cynomolgus macaques and a comparison between both microbiota was performed. Variation of the vaginal microbiota was analysed according to progesterone level. Moreover, vaginal microbiota was compared to human vaginal microbiota. This was, to our knowledge, the first study describing the vaginal microbiota of cynomolgus macaques. However, during this pilot study, we did not analyse the local and vaginal inflammation, thus a second study was developed. In this study, variations of vaginal microbiota and inflammation (cervicovaginal neutrophil phenotypes and cytokine production) according to menstrual cycle phases were evaluated and compared to systemic inflammation. The interplay between vaginal inflammatory markers and vaginal microbiota was also analysed. This study gave us important informations on the link between environmental factors and basal modulation of inflammation. Unfortunately we were not able to clearly determine an association between a group of bacteria from the microbiota and the local inflammation. To evaluate the impact of vaginal microbiota composition on local and systemic inflammation, a model of female cynomolgus macaques with a vaginal microbiota enriched with Human Lactobacillus crispatus strain was developed.

Figure 42 :

 42 Figure 42: Thesis objectives.Created with Biorender.com.

[

  Fig43]. Human vaginal microbiota comparison with cynomolgus macaque vaginal microbiota highlights similarities between both microbiota. We have shown that vaginal microbiota of cynomolgus macaques belong to CST IV-A in Human (highly diverse microbiota with few Lactobacillus spp). Indeed, species such as Sneathia, Porphyromonas, Prevotella, Peptoniphilus, Parvimonas, Peptoniphilus or Mobiluncus often observed in BV positive bacteria [194] were in the top 9 most expressed genus in cynomolgus macaques [Fig43]. Similar species were detected in other macaque species including rhesus and pigtailed macaques [302, 303]. All three species of macaques displayed very low abundances of Lactobacillus spp. compared to eubiotic vaginal microbiota of women. So far, it is not known exactly why human are the only mammal that have a vaginal microbiota dominated by Lactobacillus spp. Mirmonsef et al., hypothesized that the absence of Lactobacillus spp in macaques might come from the low vaginal level of glycogen and lactic acid [306]. Moreover, Miller et al. suggest that an alimentation rich in starch have increased the level of glycogen in the vagina, therefore increasing the number of Lactobacillus spp. [307]. These differences of vaginal microbiota composition can raise question on our study model since it does not recapitulate an eubiotic vaginal microbiota composed of Lactobacillus spp.

Figure 43 :

 43 Figure 43: Thesis main results. Created with Biorender.com.

  production and neutrophils were increased during the menstruation[Fig43]. We have characterized for the first time the phenotype of the cervicovaginal neutrophil subpopulations. Consequently, we have demonstrated that menstrual cycle has profound impacts on the local environment, but not on the systemic inflammation. Moreover, the profile and concentration of cytokine and the neutrophil phenotype were different in cervicovaginal fluids compared to blood[Fig43]. This conclusion was also drawn in human[110, 325]. The effect of menstrual cycle in the regulation of cytokine and chemokine concentration was also demonstrated in women[173, 174, 326]. However, cervicovaginal neutrophil phenotypes were never studied so far in women, so comparison between macaques and human is not yet possible.This study clearly emphasizes that results obtained in women or female animal model focusing on cervicovaginal immune responses, without taking into consideration the menstrual cycle, might be biased. Indeed, longitudinal study involving repeated sampling is necessary. Moreover, our results support the importance of studying mucosal tissue specific responses and not only peripheral immune responses. Overall, this study demonstrates strong similarities between Human and cynomolgus macaques in terms of immune marker variation according to menstrual phases.Study perspectivesIn women of reproductive age, numerous factors influence vaginal microbiota composition, including hormones, STI, sexual activity, hygiene or ethnicity[245]. During our studies, only sexually mature animals from 3 to 5 years old were studied. Animals were housed with females only, so their vaginal microbiota is not the one of sexually active female cynomolgus macaques. M.C. Janiak et al., detected no age related significant difference in the vaginal microbiota composition of rhesus macaques in social group including males and females, but they grouped infant animals (<1 year) with juvenile animals(1-4 years).Interestingly, M.C. Janiak et al. described that the bacteria, associated with BV in women, were not found in free ranging rhesus macaques in opposition to captive animal. Those differences might come from the fact that captive animals are usually sexually inactive since social groups include only females[327]. Moreover, sexual activity in women have been shown to modulate peripheral blood immune responses[328, 329]. The impact of heterosexual activity on women immune system is not clearly understood yet. It can be due to several factors, including sperm exposure. Sperm is a complex fluid composed of a cell fraction and acellular fraction (seminal fluid). Seminal fluid is able to trigger an inflammation (cytokine production, neutrophil and T cell recruitment) within the FRT, which can facilitate HIV-1 transmission[330, 331]. In macaques, our teams has demonstrated that repeated intravaginal inoculations of seminal fluid in animals induced a recruitment of immune cells within the cervix[332]. A PhD student, in our team, is currently studying the impact of seminal fluid on CT infection and CT/SIV coinfection in vitro and in vivo.

Figure 44 :

 44 Figure 44: Thesis main perspectives. Created with Biorender.com.

crispatus.

  Absence of repeated inoculations of L. crispatus and menstruation decrease the abundance of L. crispatus[Fig43]. Therefore, we can speculate that L. crispatus did not colonize the vaginal microbiota of those females. We thought that, by treating the females with Depo-provera thus stopping the menstrual bleeding, we would be able to have a better enrichment with L. crispatus. It was actually the opposite since we completely avoided vaginal enrichment with L.crispatus by treating them with Depo-provera. This result gave rise to several questions involving contraceptive used, vaginal microbiota composition and STI susceptibility. Indeed, depot medroxyprogesterone acetate (DMPA) is a progesterone based contraceptive often used in Sub-Saharian Africa [337] which have been linked to bacterial vaginosis, but also increased HIV-1 susceptibility [

  cynomolgus macaques[317, 319]. Anti-inflammatory properties of Lactobacillus spp. were observed to be strain specific[212]. Furthermore, we have shown that L. johnsonii was associated with CT load (C. Adapen et al., Influence of vaginal microbiota composition on cervicovaginal and systemic inflammation induced by Chlamydia trachomatis infectionarticle III). Consequently, Lactobacillus spp. screening (lactic acid, low production of cytokine, adhesion to epithelial cells or pathogens and antimicrobial compounds) will be essential to select the best Lactobacillus spp. strain. Another possibility would be to modify completely the vaginal microbiota of female cynomolgus macaques using antibiotic treatment, followed by vaginal microbiota transplantation of a women donor[203] [Fig44].

  are currently being studied to evaluate a possible link between a better serum antibody response and T cell response. In the laboratory, a previous study conducted by M. Siguier under the supervision of D. Desjardin evaluated CT infection by intravaginal route of cynomolgus macaques. During this study, repeated inoculations of CT induced a sustained infection in two females out of two [Data described in the introduction, chapter 4]. We did not observe this sustained presence of CT, wondering if antibiotic treatment could have an impact on the susceptibility to CT infection. Metronidazole is not prescribed for CT elimination in women, but it removes anaerobic bacteria, thus inducing increased abundance of Lactobacillus spp.[218]. Interestingly, a recent publication demonstrated that metronidazole treatment by inducing a shift in the vaginal microbiota was able to permit CT eradication without azithromycin or doxycycline treatment[341]. This result suggests that vaginal microbiota has a central role during CT infection. Doxycycline or azithromycin treatment is highly effective in the eradication of CT, but it was also associated with impaired specific immune response and increased risk of CT reinfection in mice and women[342- 344]. Overall, metronidazole, by depleting anaerobes, might trigger a better immune response against a pathogen, thus facilitating pathogen eradication. However, doxycycline and azithromycin will directly eradicate CT, consequently impairing the development of anti-CT immunity facilitating CT reinfection.

  In the cynomolgus macaque in vivo model, we have shown that the antibiotic treatment increased the abundance of L. johnsonii. Moreover, we have associated the presence of L. johnsonii with CT infection in cynomolgus macaques[Fig43]. This observation was quite surprising since many Lactobacillus spp in human are associated with low CT susceptibility[254, 255]. Only L. iners, described to have an intermediate metabolomics signature between a eubiotic and dysbiotic environment, has been associated to an increased CT susceptibility

  the infection in macrophages. Moreover, neutrophil functions were not tested. Further experiments, including neutrophil functions (NET production, survival), are required[Fig44].Modification of the inflammation induced by CT and its effect on neutrophil phenotype/survival and HIV-1co-infectionIn vivo in cynomolgus macaques, we have studied the impact of the vaginal environment on CT infection and inflammation in the FRT and in peripheral blood. However, we did not investigate the mechanisms involved in the regulation of the immune response by the vaginal microbiota. We wanted to set up a Human in vitro model to investigate more deeply the mechanisms observed in human, and determine if we can recapitulate what we observed in vivo. In the in vitro model that we have set up, we sought to investigate the effect of two bacteria, L. crispatus and G. vaginalis, on CT induced inflammation. We determined if this modified environment had: (1) an impact on neutrophil phenotype and survival and (2) an impact on HIV-1 susceptibility.Inflammation: cytokine production and neutrophil activation and survivalWe demonstrated that cytokines induced during CT infection in presence of G. vaginalis or L. crispatus are similar to a simple interaction between G. vaginalis or L. crispatus with epithelial cells. G. vaginalis, a bacteria often present during bacterial vaginosis in women, has been associated with higher inflammation [246]. In the in vitro model, G. vaginalis was able to increase the production of IFNα, IL1-RA and CXCL10 mainly. C.R. Eade et al., observed an increase of different cytokines upon G. vaginalis interaction with epithelial cell lines [249]. An important difference between both studies is that C.R. Eade performed the experiments using transwells and the epithelial cells were polarized. G. vaginalis is known to have a central role in BV by being a part of a complex environment, including Prevotella, Atopium, Sneathia and BV associated bacteria for instance. Indeed, association of several anaerobic bacteria is necessary to induce BV, thus a pro-inflammatory environment [220].

  cynomolgus macaques, according to microbiota composition or CT infection. These apparent opposite results could be explained by the use of human neutrophils that are isolated from the blood. Indeed, we have demonstrated different phenotype of neutrophils according to compartment (C. Adapen et al., Local immune innate markers and vaginal microbiota composition are influenced by hormonal cycle phases -submitted manuscript).

  Pyles et al., developed an in vitro model composed of a multilayer of vaginal epithelial cells supplemented with HIV-1 target cells. In this model, they showed that HIV-1 infection was enhanced when cocultured with cervicovaginal fluids of women suffering fromBV [262]. This experimental model or human ex vivo explant could be adapted to study the impact of vaginal microbiota composition on CT/HIV-1 co-infection.

( 4 )( 5 )

 45 Show a non-persisting CT infection in all animals (L. crispatus treated or untreated) exposed to repeated low doses of CT whereas higher specific antibody titers are detected in the serum of L. crispatus treated animals. Higher systemic inflammation was demonstrated in untreated animals upon CT infection, compared to L. crispatus treated animals. However, CT infection of L. crispatus treated animals triggered a better local innate response compared to untreated. L. johnsonii abundance was associated with higher CT load. Test an in vitro model to study the effect of bacterial stimulation on epithelial cells and the subsequent effect on immune cell populations or STI. Differential cytokine profiles according to bacterial stimulation/infection(CT vs L. crispatus vs G. vaginalis) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 :

 1 Data on the numbers of infection cases and most infected individuals in Europe in 2018.

Table 2 :

 2 Evolution of CT cases in France between 2013 and 2017. .

Table 1 :

 1 Data on the numbers of infection cases and most infected individuals in Europe in 2018.

	STI	Cases	Most affected
		of infection	individuals
	Chlamydia	406,406 in 26 countries	50% of young adult women & heterosexuals
	Lymphogranul oma venerum (disease induced by Chlamydia)	2,389 in 22 countries	Men who have sex with men. 59% were HIV positive
	Gonorrhea	100, 673 in 28 countries	48% of men who have sex with men
	Syphilis	33,927 in 29countries	69% of men who have sex men

Table 3 :

 3 Major roles and producers of main pro and anti-inflammatory cytokines.

Table 4 :

 4 Major roles and producers of the growth factors GM-CSF, G-CSF and VEGF.

AMP are polypeptides, which are effective against bacteria, virus, fungi or protozoa when secreted at physiological level [167]. They can reduce the infection by preventing the

  

	Introduction
	by epithelial cells. β-defensins induce the recruitment of CD4+ memory T cells, monocytes,
	macrophages and neutrophils, but also the maturation of immune cells like DC and mast
	cells. Protease inhibitor such as SLPI and elafin are also classified as AMP because of their
	anti-microbial effect and immunomodulatory activities. SLPI promotes for instance cell
	proliferation, suppresses neutrophil activation and inhibits NF-κB pathway. Elafin maintains
	the barrier integrity by binding to extracellular matrix protein. Lactoferrin is an iron-binding
	glycoprotein, primarily stored in the secondary granules of neutrophils, whereas HNP-1 to 4
	are stored in primary granules of neutrophils. One of the effect of lactoferrin is mediated by
	its ability to bind to iron, thus entering in competition for iron with pathogens [168].
	growth of pathogens, or killing those pathogens, by direct or indirect mechanisms. Several
	cells are able to produce AMP, including epithelial cells and immune cells. In the FRT, they
	are mainly produced by epithelial cells and phagocytic cells, such as neutrophils. A wide
	range of AMP are present in the FRT including secretory leukocyte protease inhibitor (SLPI),
	defensin, human neutrophils peptide (HNP), lactoferrin, and elafin. The two main AMP
	families are defensins, including α and β defensin and cathelicidins. α-defensin group is
	composed of HNP 1 to 4, predominantly produced by neutrophils and human defensin (HD)
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The FRT mucosae is rich in immune and non-immune factors including the vaginal microbiota that are influence by hormonal cycle.

  

	Introduction
	of the menstrual cycle and infected with HIV-1, there were no differences in HIV-1 infection
	according to menstrual stage. Nevertheless, high level of progesterone was correlated with
	high number of CD4+ α4β7+ T cells in ectocervix and high expression of pro-inflammatory
	cytokines (IL-1β, IL-17, TNFα) [181]. For CT infection, cervicovaginal fluids of women suffering
	from either a primary or a recurrent CT infection were analyzed and the authors observed a
	negative correlation between IL-1β and progesterone in recurrent patient. In contrast, in
	primary infected patients, there was a negative correlation between IL-10, IL-1β and IL-6 with
	β-estradiol [80]. Moreover, intrauterine CT inoculation of minipigs during the diestrus phase
	(high level of progesterone) induce a longer duration of CT infection (10 days) compared to
	animal inoculated during estrus (3-5 days) [182]. This shows a regulation of cytokine
	production by hormones during infection with different effects depending of the stage of
	the infection.
	1) [108]. Kersh et al.ete
	have infected pigtailed macaque with Simian Human immunodeficiency virus (SHIV) once a
	week at different times of the menstrual cycle. The authors have observed that 88% of the
	females were infected during the follicular phase (or proliferative phase). When taking into
	account the viral eclipse, they estimated that the infection occurs in late secretory phase
	[180]. However, in a study using ecto and endocervical explant collected at different stage
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  Lactobacillus is inversely related to G. vaginalis concentration [229]. In addition, Streptococcus spp., Peptostreptococcus spp. and Anaerococcus spp. tend to increase during menstruation [222].

	Introduction
	. During menstruation, quantity of
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  USA) for bacterial culture. To measure vaginal pH, a neonate nylon flocked swab (Copan Diagnostics Inc., Murrieta, CA, USA) was inserted in the vaginal vault for a few seconds to collect vaginal fluids. The fluids were then spread on a pH paper ranging from 4 to 7, and pH value was read immediately. Plasma obtained from whole blood was aliquoted and stored at -80°C before progesterone quantification.

	Repeated metronidazole treatment before L. crispatus inoculations
	Cervicovaginal swabs were collected and pH measurement was done twice a week.
	Blood and cervicovaginal fluids were collected once a week. Cervicovaginal cytobrushes was
	Single inoculation of L. crispatus capsule; Metronidazole pretreatment followed by L. crispatus
	capsule inoculation; Sucrose intravaginal treatment; Repeated azithromycin treatment before
	L. crispatus gel inoculation Nugent score
	Cervicovaginal swabs were collected and pH measurement was done twice a week. Nugent score was determined as previously described in C. Adapen et al. "Local
	Blood was collected once a week. Cervicovaginal samples were collected with a nylon flocked immune innate markers and vaginal microbiota composition are influenced by hormonal
	cycle phases".

swabs (ESWABR1, Copan Diagnostics Inc., Murrieta, CA, USA) inserted in the vaginal vault and turned four to five times before storing in amies liquid. Swabs were then aliquoted and either used for Nugent score or stored frozen at -80°C with 30% glycerol (VWR international Avantor; collected at the end of the protocol (D+38). Collection protocol for cervicovaginal swab was the same as previously described and several aliquots were done for Nugent score, V3/V4 16S rRNA sequencing and bacterial culture (30% glycerol). pH measurement and plasma aliquoting were done the same way as previously described. Cervicovaginal fluids were collected with a Weck-Cel Spear (Medtronic) placed in the vaginal vault for 2min. Secretions were recovered from the spears by adding 600uL of elution buffer (PBS, NaCl 0.25M and protease inhibitor mixture; Merck Millipore, Fontenay-sous-Bois, France) and centrifuged at 13000xg for 20min. Secretions were then aliquoted and stored at -80°C before cytokine/chemokine quantification. Cervicovaginal cells were collected using two successive cytobrushes (VWR avantor) inserted in the vaginal cavity and turned 4 to 5 times. After collection, the cytobrushes were put in a 15mL tube containing 5mL of RPMI with 10% Fecal Calf Serum (FCS) and 5% Penicilin streptomycin neomycin (PSN). The samples were conserved on ice block before processing.

  The method use is the same as previously described in C. Adapen et al. "Local immune innate markers and vaginal microbiota composition are influenced by hormonal cycle phases".

	Neutrophil phenotyping
	Neutrophil populations were analyzed in whole blood and cervicovaginal cells
	collected by cervicovaginal cytobrushes. Cervicovaginal cells were filtered with 35µm
	(Corning Falcon; USA), incubated with the antibodies listed in table 2 and washed. Red blood
	cells were removed using FACS lysing buffer (BD, Biosciences) and cells were fixed with BD
	cell Fix solution (BD, Biosciences). A Fortessa flux cytometer was used (BD, Biosciences) with
	DIVA (BD) and FlowJo (Tristar, USA) software.

Table 6 :

 6 Antibody panel.

	Antibody	Label	Manufacturer
	Bluevid	BUV736	Life technologies
	CD64	BUV737	BD
	CD11b	V450	BD
	CD45	V500	BD
	CD3	BV650	BD
	CD8a	BV650	BD
	CD20	BV650	BD
	CD62L	BV711	BD
	CD14	FITC	BD
	CD16	PerCP-Cy5,5	BD
	CDw125	PE	BD
	PD-L1	PE-Dazzle 594	Biolegend
	CD89	PE-Cy7	Biolegend
	CD32a	AF647	Stemcell
	HLA-DR	AF700	Biolegend
	CD66	APC-Vio770	Milteny

A capsule of 10 9 L. crispatus (Physioflor LP ® ; IPRAD PHARMA, Paris) was cultured in Mann Rogosa and Sharpe (MRS) broth (BD Bioscience) supplemented with L-cysteine (Sigma Aldrich) for 12h at 37°C with 10% CO2. Then, 50µL were spread on a MRS agar (BD Bioscience) for 72h at 37°C with 10% CO2. An isolated colony (Lactobacillus crispatus strain IP174178) was amplified in liquid MRS culture medium (BD Bioscience) supplemented with L-cysteine (Sigma Aldrich) for 12h at 37°C with 10% CO2. The culture was then diluted 1/100 and cultured until the exponential phase was reached (DO: 0.6). Three consecutive washing steps were performed with 1X PBS and centrifugation at 4000xg for 20min to obtain the bacteria.

Resuspension was performed with a gel composed of 1.5% Hydroxyethylcellulose gel (HEC; Sigma Aldrich), 9% sucrose (Sigma Aldrich), 0.05% lactic acid (Sigma Aldrich) and citrate buffer (Citric acid monohydrate; trisodium citrate dihydrate; H2O milliQ). Syringes were filled with 1mL of L.crispatus gel and freezed until inoculations. Serial dilution of the gel and spreading on MRS agar were performed to confirm the concentration of 10 10 L. crispatus in the gel.

II.

In vitro study: Effect of L. crispatus and G. vaginalis on CT induced inflammation. Consequences on neutrophil survival and phenotype as well as on HIV-1 co-infection Cell line culture

  

	The A2EN are human endocervical epithelial cell line generated in the laboratory of Dr
	A. Quayle from primary epithelial cells isolated from endocervical explant and immortalized
	with human papilloma virus E6 and E7 [316]. A2EN cells were grown in phenol red-free
	serum-free medium (EpiLife; Cascade Biologics) with a growth supplement (EDGS) and
	0.004M of CaCl2 (Sigma Aldrich). The cells were grown at 37°C with 5% CO2.

Dynamics of vaginal and rectal microbiota over several menstrual cycles in female cynomolgus macaques

  

	Article I	Results Results
	First article:	
	Results	
	2, IL-2R, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 (p40/p70), IL-13, IL-15, IL-17, TNFα, IFNα, IFNγ,
	GM-CSF, CCL3, CCL4, CXCL10, CXCL9, CCL11, CCL5 and CCL2 (Human cytokine magnetic 25-
	plex panel; Life technologies).	
		105 106

Marie-Thérèse Nugeyre, Nicolas Tchitchek, Cindy Adapen, Claude Cannou, Vanessa Contreras, Fahd Benjelloun, Jacques Ravel, Roger Le Grand, Romain

Marlin, Elisabeth Menu Frontiers in Cellular and Infection Microbiology 2019 ; 9 doi: 10.33.89/ fcimb.2019.00188 [317]

.

TABLE 1 |

 1 Animal characteristics.

	Animal ID	Age (years)	MHC genotype	Weight (Kg)	Room #
	BA890I	4	H5/H3	3.79	1
	CA086	5	H2/H1	3.53	2
	CB804C	4	H4/rec.H1-H5-H3	3.38	1
	CBL015	4	H3/H1	3.43	1
	CCA096	3	rec. H6-H1/rec.H2-H6	3.09	1
	cycles. Vaginal and rectal samples were collected with nylon
	flocked swabs which were stored frozen at -20 • C in 1 ml
	Amies transport medium (ESWABR1, Copan Diagnostics Inc.,
	Murrieta, CA, USA) until DNA extraction. Room control
	samples (air swab) were collected in parallel with vaginal and
	rectal samples at each timepoint. Sequencing of the V3/V4
	regions of the bacterial 16S rRNA gene was followed by
	bioinformatics analysis, consisting of data processing, read
	quality-control filtering (QC), OTU identification, and statistical
	analyses. The animals were anesthetized using ketamine (10
	mg/kg) administered intramuscularly once a week before
	sampling. Blood samples were also collected weekly and plasma
	stored at -80			

• C. At least three progesterone peaks were detected per animal during the study, on average one peak every 3-4 weeks, confirming that the five female macaques had regular hormonal cycles.

TABLE 2 |

 2 Most abundant taxa identified in the macaque rectal microbiota.

			Present in (%) a
	Taxa	% of sequences b	Samples	Animals
	f_Ruminococcaceae	26.3	100	100
	Prevotella	16.5	100	100
	o_Clostridiales	9.2	100	100
	f_S24-7	5.4	93	100
	o_Bacteroidales	5.3	99	100
	Oscillospira	3.5	99	100
	Treponema	3.4	96	100
	f_Lachnospiraceae	3.1	88	100
	Ruminococcus	2.2	83	100
	Flexispira	2.1	36	80
	Succinivibrio	1.9	49	100
	f_Christensenellaceae	1.9	60	100
	o_GMD14H09	1.4	56	80
	f_RF16	1.3	51	100
	Coprococcus	1.3	48	100
	Other	2.6	99	100

a Present at ≥1%. b Average number of sequences in the 75 samples from the five animals.

TABLE 3 |

 3 Most abundant taxa identified in the macaque vaginal microbiota.

	Present in (%) a

a Present at ≥1%. b Average number of sequences in the 75 samples from the five animals.

TABLE 4 |

 4 Species inference for Lactobacillus sequences in CB804C vaginal samples.

	Lactobacillus species	Number of aligned reads	% of aligned reads
	L. crispatus	49	52.1
	L. helveticus	22	23.4
	L. acidophilus	8	8.5
	L. murinus	4	4.3
	L. reuteri	4	4.3
	L. delbrueckii	2	2.1
	Unknown	2	2.1
	L. apodemi	1	1.1
	L. johnsonii	1	1.1
	L. nagelii	1	1.1

Table 1 -Relative abundances of microbial taxa in macaque rectal samples at the phylum level.

 1 Treatment of (NHP) at the CEA complied with French national regulations (CEA authorization A 92-032-02), the Standards for Human Care and Use of Laboratory Animals (OLAW Assurance number #A5826-01), and European Directive 2010/63 (recommendation #9). Experiments were supervised by veterinarians in charge of the animal facility. This study was approved and accredited by the Comité d'Ethique en Expérimentation Animale du CEA (A16-048), and the French Research Ministry. and the Grant ANR-17-E15-0020-03 funding the ACROBAT project. JR was supported by the National Institute for Allergy and Infectious Diseases of the National Institutes of Health under award number U19AI084044. NT was supported by fellowships from the ANRS. FB was supported by fellowships from the ANRS, Sidaction, and the Institut Carnot Pasteur Microbes and Santé.

	Supplementary Animals		
	Phylum	ALL	BA890I CA086 CB804C CBL015 CCA096
	Firmicutes	54.73	54.63	54.85	58.82	51.75	53.58
	Bacteroidetes	31.34	28.93	31.40	26.72	34.30	35.34
	Fusobacteria	0.07		0.17		0.21	
	Proteobacteria	5.92	8.78	5.38	3.03	7.91	4.50
	Other	2.62	2.65	2.26	2.80	2.97	2.42
	Actinobacteria						
	Spirochaetes	3.57	3.30	3.48	5.35	2.23	3.50
	Verrucomicrobia	0.72	0.99	0.98	1.01	0.63	
	Tenericutes	0.22		0.64	0.47		
	SR1						
	Lentisphaerae	0.27		0.38	0.34		0.65
	TM7	0.20			0.98		
	Cyanobacteria	0.14	0.72				
	Fibrobacteres	0.10			0.49		
	Elusimicrobia	0.09		0.46			

Table 2 -Relative abundances of microbial taxa in macaque vaginal samples at the phylum level.
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Table 3 -Relative abundances of microbial taxa in macaque rectal samples.
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	phylum	class	order	family	genus	BA890I	CA086	CB804C	CBL015	CCA096	all samples
	Bacteroidetes	Bacteroidia	Bacteroidales			5.58	5.93	5.16	6.51	3.07	5.25
	Bacteroidetes	Bacteroidia	Bacteroidales	[Paraprevotellaceae]	[Prevotella]	0.44	0.76	0.00	0.80	1.16	0.63
	Bacteroidetes	Bacteroidia	Bacteroidales	[Paraprevotellaceae]	CF231	0.00	1.06	0.00	0.74	0.00	0.36
	Bacteroidetes	Bacteroidia	Bacteroidales	[Paraprevotellaceae]	YRC22	0.00	0.71	0.00	0.00	0.00	0.14
	Bacteroidetes	Bacteroidia	Bacteroidales	Bacteroidaceae	Bacteroides	0.00	0.00	0.00	2.88	0.38	0.65
	Bacteroidetes	Bacteroidia	Bacteroidales	p-2534-18B5		1.35	0.00	0.32	2.13	0.27	0.81
	Bacteroidetes	Bacteroidia	Bacteroidales	Porphyromonadaceae	Porphyromonas	0.43	0.27	0.00	0.00	0.22	0.18
	Bacteroidetes	Bacteroidia	Bacteroidales	Prevotellaceae	Prevotella	15.58	17.45	14.83	14.14	20.62	16.52
	Bacteroidetes	Bacteroidia	Bacteroidales	RF16		2.24	1.75	1.09	1.47	0.35	1.38
	Bacteroidetes	Bacteroidia	Bacteroidales	S24-7		3.30	3.47	5.32	5.62	9.28	5.40
	Cyanobacteria	4C0d-2	YS2			0.72	0.00	0.00	0.00	0.00	0.14
	Elusimicrobia	Elusimicrobia	Elusimicrobiales	Elusimicrobiaceae		0.00	0.46	0.00	0.00	0.00	0.09
	Fibrobacteres	Fibrobacteria	Fibrobacterales	Fibrobacteraceae	Fibrobacter	0.00	0.00	0.49	0.00	0.00	0.10
	Firmicutes	Bacilli	Lactobacillales	Lactobacillaceae	Lactobacillus	0.00	2.10	0.00	0.92	0.30	0.66
	Firmicutes	Bacilli	Lactobacillales	Leuconostocaceae		0.31	0.00	0.00	0.00	0.00	0.06
	Firmicutes	Bacilli	Lactobacillales	Streptococcaceae	Streptococcus	0.30	1.93	0.00	1.64	0.44	0.86
	Firmicutes	Clostridia	Clostridiales			11.10	9.92	11.11	8.19	5.75	9.21
	Firmicutes	Clostridia	Clostridiales	[Tissierellaceae]	WAL_1855D	0.18	0.00	0.00	0.00	0.00	0.04
	Firmicutes	Clostridia	Clostridiales	Christensenellaceae		2.03	2.02	3.59	1.07	0.67	1.88
	Firmicutes	Clostridia	Clostridiales	Clostridiaceae		1.59	0.98	0.63	0.44	0.92	0.91
	Firmicutes	Clostridia	Clostridiales	Clostridiaceae	Clostridium	0.56	0.64	0.37	0.61	0.00	0.44
	Firmicutes	Clostridia	Clostridiales	Lachnospiraceae		2.27	2.67	2.06	2.36	6.17	3.11
	Firmicutes	Clostridia	Clostridiales	Lachnospiraceae	Blautia	0.56	0.00	0.56	0.50	0.00	0.33
	Firmicutes	Clostridia	Clostridiales	Lachnospiraceae	Butyrivibrio	0.00	0.00	0.64	0.00	0.00	0.13
	Firmicutes	Clostridia	Clostridiales	Lachnospiraceae	Coprococcus	1.14	1.13	0.62	1.01	2.59	1.30
	Firmicutes	Clostridia	Clostridiales	Lachnospiraceae	Lachnospira	0.31	0.00	0.34	0.41	1.00	0.41
	Firmicutes	Clostridia	Clostridiales	Lachnospiraceae	Roseburia	0.98	0.00	0.00	1.13	2.53	0.93
	Firmicutes	Clostridia	Clostridiales	Ruminococcaceae		24.13	26.20	30.02	26.81	24.77	26.39
	Firmicutes	Clostridia	Clostridiales	Ruminococcaceae	Faecalibacterium	1.09	1.07	1.09	0.00	0.00	0.65
	Firmicutes	Clostridia	Clostridiales	Ruminococcaceae	Oscillospira	2.71	2.94	3.83	3.68	4.34	3.50
	Firmicutes	Clostridia	Clostridiales	Ruminococcaceae	Ruminococcus	3.21	2.38	1.93	1.15	2.28	2.19
	Firmicutes	Clostridia	Clostridiales	Veillonellaceae		0.17	0.00	0.00	0.00	0.39	0.11
	Firmicutes	Clostridia	Clostridiales	Veillonellaceae	Acidaminococcus	0.00	0.00	0.00	0.20	0.00	0.04
	Firmicutes	Clostridia	Clostridiales	Veillonellaceae	Anaerovibrio	0.49	0.00	0.00	0.47	0.48	0.29
	Firmicutes	Clostridia	Clostridiales	Veillonellaceae	Dialister	0.99	0.49	1.14	0.45	0.96	0.81
	Firmicutes	Clostridia	Clostridiales	Veillonellaceae	Phascolarctobacterium	0.00	0.00	0.88	0.70	0.00	0.32
	Firmicutes	Clostridia	[Clostridiales]			0.00	0.37	0.00	0.00	0.00	0.07
	Firmicutes	Erysipelotrichi	Erysipelotrichales	Erysipelotrichaceae	RFN20	0.52	0.00	0.00	0.00	0.00	0.10
	Fusobacteria	Fusobacteriia	Fusobacteriales	Fusobacteriaceae	Fusobacterium	0.00	0.17	0.00	0.21	0.00	0.07
	Lentisphaerae	[Lentisphaeria]	Victivallales	Victivallaceae		0.00	0.38	0.00	0.00	0.65	0.21
	Lentisphaerae	[Lentisphaeria]	Z20	R4-45B		0.00	0.00	0.34	0.00	0.00	0.07
	Proteobacteria	Alphaproteobacteria				1.02	0.00	0.00	0.00	0.00	0.20
	Proteobacteria	Deltaproteobacteria	GMD14H09			0.00	2.01	0.90	2.81	1.42	1.43
	Proteobacteria	Epsilonproteobacteria	Campylobacterales	Campylobacteraceae	Campylobacter	0.20	0.00	0.74	0.00	0.00	0.19
	Proteobacteria	Epsilonproteobacteria	Campylobacterales	Helicobacteraceae	Flexispira	6.17	2.40	1.39	0.31	0.00	2.05
	Proteobacteria	Gammaproteobacteria	Aeromonadales	Succinivibrionaceae	Succinivibrio	1.38	0.97	0.00	4.41	2.83	1.92
	Proteobacteria	Gammaproteobacteria	Enterobacteriales	Enterobacteriaceae		0.00	0.00	0.00	0.38	0.00	0.08
	Proteobacteria	Gammaproteobacteria	Pasteurellales	Pasteurellaceae	Actinobacillus	0.00	0.00	0.00	0.00	0.26	0.05
	Spirochaetes	Spirochaetes	Sphaerochaetales	Sphaerochaetaceae	Sphaerochaeta	0.00	0.00	1.02	0.00	0.00	0.20
	Spirochaetes	Spirochaetes	Spirochaetales	Spirochaetaceae	Treponema	3.30	3.48	4.33	2.23	3.50	3.37
	Tenericutes	RF3	ML615J-28			0.00	0.64	0.47	0.00	0.00	0.22
	TM7	TM7-3	CW040	F16		0.00	0.00	0.98	0.00	0.00	0.20
	Verrucomicrobia	Verruco-5	WCHB1-41	RFP12		0.99	0.98	1.01	0.63	0.00	0.72
	Other	Other	Other	Other	Other	2.65	2.26	2.80	2.97	2.42	2.62

Table 4 -Relative abundances of microbial taxa in macaque vaginal samples.
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	phylum	class	order	family	genus	BA890I	CA086	CB804C	CBL015	CCA096	all samples
	Actinobacteria	Actinobacteria	Actinomycetales	Actinomycetaceae	Mobiluncus	1.66	1.74	1.23	3.64	3.08	2.27
	Actinobacteria	Actinobacteria	Actinomycetales	Corynebacteriaceae	Corynebacterium	0.38	0.00	0.00	0.00	0.00	0.08
	Actinobacteria	Actinobacteria	Bifidobacteriales	Bifidobacteriaceae		0.00	0.00	3.84	0.00	0.00	0.77
	Actinobacteria	Actinobacteria	Bifidobacteriales	Bifidobacteriaceae	Bifidobacterium	1.79	0.00	3.25	0.49	0.65	1.24
	Bacteroidetes	Bacteroidia	Bacteroidales			0.00	0.00	0.69	0.00	0.00	0.14
	Bacteroidetes	Bacteroidia	Bacteroidales	Bacteroidaceae	Bacteroides	6.89	9.26	0.91	6.52	6.94	6.11
	Bacteroidetes	Bacteroidia	Bacteroidales	Porphyromonadaceae	Porphyromonas	11.71	22.34	3.11	19.64	20.66	15.49
	Bacteroidetes	Bacteroidia	Bacteroidales	Prevotellaceae	Prevotella	20.10	9.65	24.29	2.02	17.72	14.76
	Bacteroidetes	Bacteroidia	Bacteroidales	RF16		0.00	0.00	0.48	0.00	0.00	0.10
	Bacteroidetes	Bacteroidia	Bacteroidales	S24-7		0.00	0.00	0.46	0.00	0.00	0.09
	Firmicutes	Bacilli	Lactobacillales	Aerococcaceae	Facklamia	0.28	0.00	0.00	0.00	0.00	0.06
	Firmicutes	Bacilli	Lactobacillales	Lactobacillaceae	Lactobacillus	0.00	0.00	2.46	0.00	0.00	0.49
	Firmicutes	Bacilli	Lactobacillales	Streptococcaceae	Streptococcus	0.00	0.00	0.54	0.19	0.64	0.27
	Firmicutes	Clostridia	Clostridiales			0.00	0.00	1.65	0.00	0.21	0.37
	Firmicutes	Clostridia	Clostridiales	[Mogibacteriaceae]		0.00	0.39	0.00	0.00	0.00	0.08
	Firmicutes	Clostridia	Clostridiales	[Tissierellaceae]		0.00	0.00	0.00	0.00	0.96	0.19
	Firmicutes	Clostridia	Clostridiales	[Tissierellaceae]	1-68	0.94	3.14	0.61	1.13	2.97	1.76
	Firmicutes	Clostridia	Clostridiales	[Tissierellaceae]	Anaerococcus	1.40	0.49	1.30	0.67	3.08	1.39
	Firmicutes	Clostridia	Clostridiales	[Tissierellaceae]	GW-34	0.00	0.00	0.00	0.18	0.00	0.04
	Firmicutes	Clostridia	Clostridiales	[Tissierellaceae]	Helcococcus	0.13	0.29	0.19	0.00	0.32	0.19
	Firmicutes	Clostridia	Clostridiales	[Tissierellaceae]	Parvimonas	1.82	2.51	0.87	2.81	0.00	1.60
	Firmicutes	Clostridia	Clostridiales	[Tissierellaceae]	Peptoniphilus	8.50	7.58	4.41	5.02	18.56	8.81
	Firmicutes	Clostridia	Clostridiales	[Tissierellaceae]	ph2	1.80	0.00	0.82	0.59	0.75	0.79
	Firmicutes	Clostridia	Clostridiales	Christensenellaceae		0.00	0.00	0.33	0.00	0.00	0.07
	Firmicutes	Clostridia	Clostridiales	Clostridiaceae	Clostridium	0.00	0.00	0.00	0.00	0.72	0.14
	Firmicutes	Clostridia	Clostridiales	Lachnospiraceae		0.00	0.00	0.27	0.30	0.00	0.11
	Firmicutes	Clostridia	Clostridiales	Lachnospiraceae	Butyrivibrio	0.00	0.30	0.00	0.00	0.00	0.06
	Firmicutes	Clostridia	Clostridiales	Lachnospiraceae	Moryella	1.15	1.03	0.00	0.00	0.00	0.44
	Firmicutes	Clostridia	Clostridiales	Peptococcaceae	Peptococcus	0.00	0.00	0.00	0.39	0.83	0.24
	Firmicutes	Clostridia	Clostridiales	Peptostreptococcaceae		1.17	1.33	0.88	2.26	0.00	1.13
	Firmicutes	Clostridia	Clostridiales	Peptostreptococcaceae	Filifactor	0.54	0.00	0.81	0.00	0.75	0.42
	Firmicutes	Clostridia	Clostridiales	Peptostreptococcaceae	Peptostreptococcus	1.94	1.61	2.45	3.73	1.29	2.20
	Firmicutes	Clostridia	Clostridiales	Ruminococcaceae		0.00	0.00	3.59	0.65	0.17	0.88
	Firmicutes	Clostridia	Clostridiales	Ruminococcaceae	Oscillospira	0.00	0.00	0.43	0.00	0.00	0.09
	Firmicutes	Clostridia	Clostridiales	Veillonellaceae	Dialister	7.34	3.92	6.04	3.33	6.60	5.45
	Firmicutes	Clostridia	Clostridiales	Veillonellaceae	Phascolarctobacterium	0.00	0.00	0.15	0.00	0.00	0.03
	Firmicutes	Erysipelotrichi	Erysipelotrichales	Erysipelotrichaceae	Bulleidia	0.45	0.00	0.00	0.50	0.82	0.35
	Fusobacteria	Fusobacteria	Fusobacteriales	Fusobacteriaceae	Fusobacterium	5.36	15.11	7.95	14.00	9.19	10.32
	Fusobacteria	Fusobacteria	Fusobacteriales	Leptotrichiaceae	Sneathia	19.57	13.69	21.37	26.24	0.00	16.17
	Proteobacteria	Epsilonproteobacteria	Campylobacterales	Campylobacteraceae	Campylobacter	0.84	1.77	0.62	1.82	0.86	1.18
	Proteobacteria	ammaproteobacteria	Aeromonadales	Succinivibrionaceae	Succinivibrio	0.00	0.00	0.00	0.24	0.10	0.07
	Spirochaetes	Spirochaetes	Spirochaetales	Spirochaetaceae	Treponema	0.00	0.35	0.59	0.00	0.00	0.19
	SR1					0.00	0.00	0.00	1.93	0.00	0.39
	Tenericutes	Mollicutes	Mycoplasmatales	Mycoplasmataceae	Mycoplasma	0.69	0.53	0.40	0.00	0.00	0.32
	Tenericutes	RF3	ML615J-28			0.00	0.00	0.17	0.00	0.00	0.03
	Verrucomicrobia	Verruco-5	WCHB1-41	RFP12		0.00	0.00	0.19	0.00	0.00	0.04
	Other	Other	Other	Other	Other	3.55	2.97	2.66	1.69	2.15	2.60

Table 5 -Numbers of identified taxa in macaque rectal samples (≥ 1% of sequences)
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	Week	BA890I	CA086	CB804C	CBL015	CCA096
	1	17	19	17	18	
	2	18	17	16	15	
	3	25	16	15	18	
	4	18	18	15	14	
	5	19	17	16	17	
	6	17	18	13	19	
	7	17	16	13	18	
	8	16	18	15	15	
	9	19	18	16	18	
	10	15	17	18	15	
	11	20	18	15	17	
	12	15	21	15	17	
	13	20	20	12	18	
	14	18	14	14	17	
	15	20	14	15	14	

Table 6 -Numbers of identified taxa in macaque vaginal samples (≥ 1% of sequences)
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	Week	BA890I	CA086	CB804C	CBL015	CCA096
	1	11	16	11	11	10
	2	17	15	14	13	12
	3	11	10	19	14	12
	4	15	13	10	13	9
	5	13	11	12	13	10
	6	13	14	16	14	7
	7	15	11	11	14	12
	8	14	13	16	15	14
	9	10	11	17	12	10
	10	10	15	20	15	12
	11	16	13	16	13	13
	12	13	12	13	13	13
	13	11	12	10	12	10
	14	12	15	19	16	10
	15	14	14	15	12	
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Table 1 :

 1 Informations on the female cynomolgus macaques included in the study.

	80 °C before cytokine/chemokine

quantification. Vaginal samples for microbiota analysis were collected with nylon flocked swabs (ESWABR1, Copan Diagnostics Inc., Murrieta, CA, USA) inserted in the vaginal vault and turned four to five times before storing in amies liquid. Swabs were then aliquoted and either used for Nugent score or stored frozen at -80°C until DNA extraction. Room control samples (air swabs) were done at the last time point.

Table 2 :

 2 Antibodies used to characterized neutrophil subpopulations.

	Antibody	Label	Reference	Manufacturer
	Bluevid	BUV736	L23105	Lifetechnologies
	CD64	BUV737	612776	BD
	CD11b	FITC	130-110-552	Milteny
	CD45	Viogreen	130-177-193	Milteny
	CD3	BV650	563916	BD
	CD8	BV650	563821	BD
	CD20	BV650	563780	BD
	CD123	BV650	563405	BD
	CD62L	BV711	565040	BD
	CD14	Vioblue	130-110-524	Milteny
	CD10	PercP-Cy5,5	312216	Biolegend
	CDw125	PE	130-110-544	Milteny
	PD-L1	PE-Dazzle594	329732	Biolegend
	CD101	PE-Vio770	130-115-832	Milteny
	CD32a	AF647	60012	Stemcell
	HLA-DR	AF700	307626	Biolegend
	CD66	APC-Vio770	130-119-847	Milteny

Table 3 :

 3 Nugent score determination.

	Score	Lactobacillus	Anaerobic bacteria	Mobiluncus
		(number of	(number of	(number of
		bacteria/field)	bacteria/field)	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	
	DNA extraction and 16S rRNA gene sequencing	
	DNA from vaginal fluids was extracted using PowerFecal DNA Pro isolation kit (Qiagen;
	Germany) following manufacturer's instructions. DNA was quantified with Qubit 4
	using the high sensitive DNA kit (Life techonologies; USA). PCR and sequencing of the
	V3-V4 region of the 16S rRNA gene was performed at @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
	universal primers 5' CTTTCCCTACACGACGCTCTTCCGATCTACGGRAGGCAGCAG and 5'

  Peptostreptococcaceae and Actinomycetaceae [Fig6B]. Nine predominant genus were found in all the females with variable abundance (mean ± SD) between the females:

	Streptococcaceae, a family part of the order Peptostreptococcales-Tissierellales, Streptococcaceae) were and one (Erysipelotrichaceae) was increased at high
	progesterone compared to low progesterone. Six taxa (Enterobacteriaceae,
	Lachnospiraceae, Oscillospiracea, Succinivibrionaceae, Sutterellaceae, Tannerellaceae)
	Sneathia (13.6% ± 0.12), Prevotella (12% ± 0.12), Porphyromonas (8.6% ± 0.07), were less abundant at high progesterone compared to menstruation. Finally,
	Fusobacterium (7.8% ± 0.06), Streptococcus (7.2% ± 0.11), Bifidobacterium (7% ± 0.13), Erysipelotrichaceae was more abundant at low progesterone compared to
	Peptoniphilus (5.9% ± 0.05), Peptostreptococcus (4.4% ± 0.04) and Parvimonas (4.3% ± menstruation [Fig8B].
	0.03) whearas mean abundances of other genus represented 29% [Fig6C and Eight genus: Arcanobacterium, Corynebacterium, Finegoldia, Howardella,
	supplementary fig7B]. Lactobacillus spp. were observed in all females but at really low Mogibacterium, Solobacterium, Streptococcus and Sutterella were differentially
	abundance with CCA096 expressing the highest abundance (20.5% ± 0.15) abundant in the different hormonal phases [Fig8C and Supplementary fig10]. Five
	[Supplementary fig7B]. CCA096 also had more Actinobacteriota (40.87% ± 0.19) related
	to a higher abundance of Bifidobacterium (37.15% ± 0.18). As for CBL015, it had more
	Firmicutes (64.3% ± 0.044) translating into a high abundance of Streptococcus (35.2%
	Bacterial abundances and composition were modified according to hormonal groups
	in all animals. To study if the bacterial diversity was impacted by hormonal phases, the
	Shannon diversity index was calculated according to high, low progesterone or
	More than 99% of bacteria menstruation timepoints. An increased bacterial diversity (p value: 0.0065) during
	in the vaginal microbiota were part of five phyla (total abundance mean ranging from menstruation compared to the high progesterone group was observed [Fig8A]. To
	highest abundance to the lowest): the Firmicutes (29.7% to 64.3%), Bacteriodota (15.6% identify bacterial family and genus that were differentially abundant among
	to 34.9%), Fusobacteriota (9.8% to 39.6%), Actinobacteriota (3.8% to 14.2%) and progesterone groups in all animals, a statistical analysis of all families and genus
	Campilobacterota (0.87 to 7.3%). The other three phyla (Desulfobacterota, relative abundance adapted to highthroughput sequencing data was performed [Fig8B
	Proteobacteria and Spirochaetota) represented less than 1% of the total abundance and C]. This differential analysis identified 14 families differentially abundant according
	[Fig6A and supplementary fig7A]. Two females, CBL015 and CCA096, had a different to hormonal groups [Fig8B]. Abundance bar plots were generated to identify increases
	microbiota composition observed at all taxonomic level compared to others [Fig 6]. or decreases based on hormonal groups [supplementary fig9]. Nine families
	Nine predominant families were observed in all females: Leptotrichiaceae, (Christensellaceae, Clostridiaceae, Corynebacteriaceae, Desulfovibrionaceae,
	Prevotellaceae, Lachnospiraceae,	Porphyromonadaceae, Oscillospiraceae,	Fusobacteriaceae, Paludibacteraceae,	Bifidobacteriaceae, Ruminococcacea,
				143 144

± 0.12). Moreover, this female had also a very low abundance of Sneathia (0.043% ± 0.00) [Supplementary fig7 and fig6A and C]. To identify variation of bacterial abundance, the top 9 genus or family for all or each animal according to hormonal phases are represented [Fig7 and supplementary fig8]. genus: Howardella, Solobacterium, Streptococcus, Sutterella and Corynebacterium are part of the families Lachnospiraceae, Erysipelotrichaceae, Streptococcacea, Sutterellacea and Corynebacteriaceae observed to be differentially abundant according to hormonal groups.

Table 7 :

 7 Lactobacillus spp. species isolated in the vaginal microbiota of five cynomolgus macaques.

	Animals	Colony 1	Colony 2
	CCB115	L. crispatus strain CO3MRSI1	/
		or L. casei strain CAU6147	
	CCB119	L. animalis strain FR12	/
	CCC019	L. animalis strain FR12	/
	CCD056	L. murinus strain LbP2	L. johnsonii strain Egg-4
	CDC034	L. animalis FR12	L. johnsonii strain KLDS

Table 1 :

 1 Information (identification name, date of birth, haplotype and groups) concerning the 12 animals included in the study.

	ID	Date of birth	Weight	Haplotype	Groups
	CQ806	2015-02-05	3.59 ± 0.09	Rec H4 H7 Rec H4 H7	L. crispatus treated group
	CR439	2015-03-24	5.47 ± 0.27	H3 H2	L. crispatus treated group
	CR603	2015-04-12	4.97 ± 0.27	Rec H3 H4 H7 Rec H7 H1 H2	L. crispatus treated group
	CR703	2015-04-19	4.21 ± 0.09	H1 Rec H1 H2	L. crispatus treated group
	CS711	2015-08-08	4.22 ± 0.25	H1 H2	L. crispatus treated group
	CS865	2015-08-27	4.78 ± 0.33	H1 H6	L. crispatus treated group
	CQ819	2015-02-06	2.84 ± 0,06	Rec H4 H7 Rec H3 H1 H2	Untreated group
	CR403	2015-03-22	5.31 ± 0.27	H1 Rec H4 H5	Untreated group
	CR574	2015-04-06	4.64 ± 0.33	H1 Rec H2 H4 H7	Untreated group
	CS693	2015-08-06	4.70 ± 0.17	Rec H1 H4 H7 H3	Untreated group
	CS742	2015-08-11	6.75 ± 0.31	H3 Rec H1 H5	Untreated group
	CS794	2015-08-18	3.35 ± 0.08	Rec H3 H4 Rec H7 H1 H3 H6	Untreated group

Table 2

 2 

	]. A score between 7-10 indicates bacterial

Table 2 :

 2 Nugent scoring 

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

extraction and full 16S rRNA gene sequencing

  

	Article III	Results
	The PowerFecal DNA Pro isolation kit (Qiagen;Germany) was used following the
	manufacturer's instructions. 16S rRNA gene was amplified by PCR using specific 16S
	primers (27F and 1492R) of the 16S Barcoding Kit 1-24 (SQK-16S024, Oxford Nanopore
	Technologies) and LongAmp™ Taq 2× Master Mix (New England Biolabs. PCR
	condition used were 1 min of denaturation at 95 °C, 30 cycles of denaturation (20 secs
	at 95 °C), annealing (30 secs at 55 °C) and extension (2 min at 65 °C). A final extension
	step was added for 5 min at 65 °C. PCR products were washed using AMPure XP beads
	(Beckman Coulter, USA) and quantified using QuBit fluorometer abd HS DNA kit
	(Invitrogen). Twenty-four barcoded samples were pooled and 100 fmol (~100 ng) were

Table 3 :

 3 Antibody panel for neutrophils determination in blood and cervicovaginal cytobrushes

	Antibody	Label	Reference	Manufacturer
	Bluevid	BUV736	L23105	Lifetechnologies
	CD64	BUV737	612776	BD
	CD11b	FITC	130-110-552	Milteny
	CD45	Viogreen	130-177-193	Milteny
	CD3	BV650	563916	BD
	CD8	BV650	563821	BD
	CD20	BV650	563780	BD
	CD123	BV650	563405	BD
	CD62L	BV711	565040	BD
	CD14	Vioblue	130-110-524	Milteny
	CD10	PercP-Cy5,5	312216	Biolegend
	CDw125	PE	130-110-544	Milteny
	PD-L1	PE-Dazzle594	329732	Biolegend
	CD101	PE-Vio770	130-115-832	Milteny
	CD32a	AF647	60012	Stemcell
	HLA-DR	AF700	307626	Biolegend
	CD66	APC-Vio770	130-119-847	Milteny

Table 4 :

 4 Antibody panel for T cells intracellular staining.

	Antibody		Label		Reference	Manufacturer
	Bluevid		BUV736		L23105	Life Technologies
	IFNγ		V450		560371	BD	
	CD4		BV510		563094	BD	
	TNFα		BV605		502936	Biolegend
	IL-13		BV711		564288	BD	
	CD154		FITC		555699	BD	
	IL-5		PE		559332	BD	
	IL-2		PerCP-Cy5,5	560708	BD	
	CD8		PE-Vio770	130-113-159	Miltenyi	
	CD137		APC		550890	BD	
	IL-17A		AF700		560613	BD	
	CD3		APC-Cy7	557757	BD	
	Statistical analysis					
	Sequence reads were converted into FASTQ files. A quality using NanoFilt was applied.
	Reads were filtered on quality metrics (Q > 10) and on read lenght (reads between
	1200-1800	pb	were	kept	SILVA138_16S_pintail_100	(Index	of
	/frogs_databanks/assignation/SILVA/16S (inra.fr)) was used for assignation using
	Minimap2 for alignement. A supplementary filter was applied on alignment metrics and
	of the percentage of identity. Species abundance was obtained per sample (reads

  Simple linear regression analysis also demonstrated an association between relative abundance of L. johnsonii or L. prophage with CT load [Suppl fig6C]. No positive or negative association was noticed in the L. crispatus treated group with Lactobacillus spp and the CT load [Data not shown]. Therefore, CT load seems to be positively associated to higher abundance of L. johnsonii and L. prophage.

	abundance at CT inoculation leading or not to infection) of L. johnsonii (4.73% vs 27%)
	and L. prophage (1.13% to 7.94%) was observed [Suppl fig6A]. Indeed, a positive
	association was determined, in the untreated group, between L. johnsonii (Spearman r:
	0.43 ; p value: 0.0084) or L. prophage (Spearman r: 0.45 ; p value: 0.0084) with CT [Suppl
	fig6B].

  S. dysgalactiae and a low abundance of the other mentioned bacteria[Fig15A]. CT load and IgG anti-CT production were compared in both groups to study if one group had a higher CT load or a better antibody production[Fig15B and C]. No significant differences for CT load were observed, however anti-CT IgG production was significantly higher in the group 1 compared to group 2. We can notice that four animals out of five were treated with L. crispatus gel in the group 1 suggesting that the treatment as induced microbiota changes associated with S. dysgalactiae increase and a better anti-CT antibody response. To determine if cytokine production was different according to both groups, cytokine concentrations before CT infection, during CT infection and after CT infection were compared between each group[Fig15D]. The samples collected during menstruation were removed of the analysis. Higher concentration of CCL4 and CCL2 was noticed in the group 1 compared to the group 2 after CT infection whereas sCD40L was significantly decreased in

	Article III	Results
	high abundance of	
		An
	automatic clustering in two groups were added, highlighting two separated groups
	composed of 5 animals each: (1) CQ806, CR439, CR703, CS711, CR574; (2) CR603, CQ819,
	CR403, CS693, CS742. Groups were split mainly based on the abundance of five bacterial
	species: S. dysgalactiae, S. aureus, L. johnsonii, E. coli and L. crispatus. The group one has a
		241

the group 1 compare to group 2 after CT infection. Moreover, CCL2 concentration was also higher in the group 1 during CT infection. No significant differences were observed in terms of neutrophil subpopulations or activation. Overall, the group that had a high abundance of S. dysgalactiae before CT inoculation had a higher specific IgG production as well as chemokine (CCL4 and CCL2) concentrations after CT infection.

  aureus, Streptococcus and endogenous Lactobacillus spp for instance. The proportion of natural Lactobacillus spp. was higher in animals from the untreated group. In Rwandan women, BV treatment with metronidazole induced a cure rate of only 54.5% suggesting Streptococci, Enterococci, Spirochaetaceae, Listeria, CT and N. gonorrhoeae) that seems to be associated with treatment failure[35]. Lactobacillus spp. abundance was studied throughout our study. L. crispatus was present only in treated animals whereas untreated animals had high abundance of L. johnsonii and L. prophage. Interestingly, L. johnsonii and L. prophage abundance was increase during CT infection in untreated animal. Their relative abundance was positively associated with CT load. This result suggest that endogenous Lactobacillus spp in untreated cynomolgus macaques are associated with increase CT infection. Lactobacillus spp. are present in women vaginal microbiota and are associated with anti-inflammatory effect and protection against STI

strong variabilities among women. They observed a higher concentration of Lactobacillus spp including L. iners mainly and no modification of the concentration of Streptococcus, Staphylococcus, Escerichia and Shigella species was observed. However, they observed an increase relative abundance of pathobionts (Proteobacteria,
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Data summary

This study demonstrated that cynomolgus macaque rectal microbiota was dominated by two phyla: Firmicutes, Bacteroidetes whereas the vaginal microbiota was predominantly composed of three phyla: Bacteroidetes, Firmicutes and Fusobacteria.
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Supplementary Figure 1. Kinetic profiles of vaginal microbial taxa found to be statistically associated with progesterone levels. The relative taxa abundance and progesterone levels are shown for individual animals for 13 of the 15 taxa found to be statistically different between samples taken when progesterone levels were high (≥ 1 ng/ml, grey rectangles) versus those taken when they were low level (< 1 ng/ml, white rectangles). The histograms indicate the relative taxa abundance. Supplementary Figure 2. Progesterone and estradiol concentrations. The concentrations of progesterone and estradiol were measured each week during the study and are shown for each animal.

Second article: Local innate markers and vaginal microbiota composition are influenced by hormonal cycle phases

Cindy Adapen, Louis Réot, Natalia Nunez, Claude Cannou, Romain Marlin, Julien Lemaitre, Léo d'Agata, Emmanuel Gilson, Eric Ginoux, Roger Le Grand, Marie-Thérèse Nugeyre, Elisabeth Menu Manuscript submitted in a peer-reviewed international journal, september 2021.

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 hormonal cycle phases (n=9). Samples were clustered in three groups based on progesterone level or menstruation and each cytokine/chemokine concentration (pg/mL) was plotted. A Kruskal-Wallis test with the Dunn test to adjust the p value was performed.

Cervicovaginal fluids

In parallel to peripheral blood plasma, the local inflammation was studied in cervicovaginal fluids. In all nine females, 23 cytokines were detected in vaginal fluids with differential concentration. However only relevant cytokines for this study were displayed on the heatmap representing the mean fold change expression relative to the total mean value of each cytokines [Fig3A]. BB172H expressed a higher level of represented 97.54% ± 0.60 (mean ranging from 96.7% to 98.7%). The three other populations were weakly present in the blood with 0.71% ± 0.34 (mean ranging from 0.2% to 1.3%) for the population B and 0.35% ± 0.19 for population C (mean ranging from 0.1% to 0.7%) and 0.14% ± 0.08 for the population D (mean ranging from 0.06% to 0.3%). No expression of CD10 was observed on the population C and D. In contrast, the population A (CD11b + CD101 + CD32a high ) expressed mild level of CD10 (mean ranging from 12.5% to 50%), suggesting that part of it is mature [Fig4C left].

In the blood [Fig4C left], CD62L expression varied among subsets with 99.3% ± 0.40 (mean ranging from 98.7% to 99.7%), 71.4% ± 7.14 (mean ranging from 56.1% to 81.7%), 31.8% ± 13.08 (mean ranging from 17.4% to 57.6%) and 6.9% ± 4.51 (mean ranging from 2.2% to 13.4%) of neutrophils expressing CD62L from populations A to D. Strong variation of PD-L1 expression was observed among each population, indeed 23.8% ± 33.41 (mean ranging from 1.8% to 82.2%), 25.2% ± 12.25 (mean ranging from 4.5% to 42.9%), 10.8% ± 9.86 (mean ranging from 2.3% to 26.3%) and 14.5% ± 13.05 (mean ranging from 2.5% to 42.7%) of population A to D express PD-L1. Low expression of HLA-DR and CD64 was observed on neutrophils from the blood or from the cervicovaginal cytobrushes at all time points. [Fig4C left, Data not shown for CD64].

In conclusion, there was one major population in the blood characterized as CD11b + CD101 + CD32a high . This population had variable expression of CD10 suggesting the presence of both mature and immature subsets. In addition, there was a high expression of CD62L and variable expression of PD-L1 on this population. Mature and immature neutrophils expressed CD62L marker, which is decreased upon priming or tissue migration [27][28][29]. As for the immunosuppressive marker PD-L1, it increased expression on blood neutrophils has been detected in patients with sepsis and associated with reduce neutrophil function (phagocytosis and cytokine production) [30]. In the current study, we were not able to associate the variation of PD-L1 expression with the menstrual cycle or a specific cytokine production due to high variabilities among individuals and time points. 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: CD11b high CD101 + CD10 + CD32a + (mean ranging from 18.3% to 67.1%; population 8), CD11b high CD101 + CD10 -CD32a + (mean ranging from 6.5% to 26.4%; population 6) and CD11b low CD101 -CD10 -CD32 -(mean ranging from 4% to 38%; Supplementary figure 10: Graphical representation of relative bacterial taxa abundances according to hormonal phases at the genus level. Only bacterial taxa that were differentially expressed according to hormonal phases are represented.

Menstruation induce a higher local inflammation

To 

Declarations

Consent for publication

Not applicable

Competing interests

The authors declare that they have no competing interests crispatus treated animal but the enrichment was highly variable according to time points and animals. Surprisingly, L. prophage and L. johnsonii relative abundance was positively associated with CT load demonstrating an increased bacterial load in animals with high abundance of natural Lactobacillus spp. CT infection was described to induce significant alteration of vaginal microbiota during infection but also after CT infection.
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Indeed, we demonstrated a significant alteration of vaginal microbiota at the last time points of the protocol compared to baselines suggesting a persisting effect on the microbiota of antibiotic treatment as well as CT infection/inoculation. In terms of inflammation, peripheral blood and cervicovaginal cytokine concentrations were not significantly altered by CT infection in both groups. However, untreated animals exhibited an increased production of peripheral blood cytokines after CT infection whereas it was the opposite in the cervicovaginal compartment where L. crispatus treated animals exhibited an increased production of cytokines compared to untreated animals after CT infection. These results suggest a better local immune response as well as a better control on systemic inflammation upon CT infection in L. crispatus treated compared to untreated animals. Peripheral blood neutrophils were more mature and activated after CT infection/inoculation in both groups. As for cervicovaginal neutrophils, very few alterations of their phenotype were noticed after CT infection. We

were not able so far to determine an association between a specific group of bacteria,
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Untreated group

Species Genus

Unknown species Anaerobiospirillum

Unknown species 1 Parvimonas

Unknown species 2 Ruminococcus

Unknown species 3 Anaerococcus

Unknown species 4 Facklamia

Unknown species 5 Terrisporobacter

Unknown species 6 Staphylococcus

Unknown species 7 Helcococcus

Unknown species 8 Peptoniphilus

No differences for CT infection were observed between the L. crispatus treated and untreated groups but specific anti-CT IgG production was higher in L. 

crispatus treated infected animals

Cytokines induced by CT infection were different according to groups and compartments

Cytokine and chemokine expressions were measured in the serum from peripheral blood and in cervicovaginal fluids of all animals once a week throughout the study.

Cytokine concentration in peripheral blood

In peripheral blood serum, basal expression of IL1-RA, IL-2, IL-8, CCL2, CCL4, TGFα, VEGF and G-CSF were detected in each animal. No significant differences were observed in terms of cytokine production between baseline and two weeks after antibiotic in all animals.

The impact of CT infection on peripheral blood cytokine concentration was then determined by comparing cytokine expression during CT inoculation but before CT 

Hypothèses et Objectifs

Le but de ce projet de thèse était, dans un premier temps, d'étudier les interactions 

Conclusion et Perspectives

Au cours de ma thèse, j'ai étudié la présence et les interactions entre les facteurs environnementaux du TRF au cours du cycle menstruel à l'état basal, mais aussi lors d'une We have demonstrated that the vaginal microbiota composition has an impact on the inflammation induced by CT infection. Finally, we have shown, in an in vitro model, that cytokines induced by L. crispatus or G. vaginalis stimulation are different and weakly impacted by CT infection. Moreover, neutrophil activation and survival as well as HIV-1 susceptibility are modified by microbiota/CT exposure. In conclusion, this work gives new insight into how the complex FRT environment affects the inflammation and the susceptibility to STI acquisition.