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General Abstract 

 

The maternal local immune system is key to a successful pregnancy. Maternal immunity 

is required to initiate pregnancy related processes, whilst controlling and being active 

against any infections or malignancies that may occur. For these reasons, imbalanced 

immune activity in the endometrium can severely impact on pregnancy outcomes.  

A master regulator of mucosal immunity is IL-17A, a cytokine produced by immune cells 

in response to bacterial and fungal infections. This pro-inflammatory cytokine induces 

epithelial and stromal cells to secrete antimicrobial peptides (AMPs), chemokines and 

matrix metalloproteases, responsible for infection clearance. IL-17A is also linked to 

several immune-mediated diseases such as psoriasis, arthritis, multiple sclerosis, where 

its highly pro-inflammatory signature is responsible for the symptomatology associated 

with these diseases, making this cytokine an excellent therapeutic target. The possible 

roles of IL-17A in female reproductive tract are poorly explored. It has been previously 

shown that women with unexplained infertility who failed to sustain a successful 

pregnancy after Assisted Reproductive Technologies (ART) showed higher level of IL-

17A, both in the endometrium and systemically in blood circulation, therefore we aimed 

to explore the role of this cytokine in female fertility.  

The IL-17 cytokines,  IL-17A - IL-17F, share similar structures and functions. We 

hypothesized that IL-17A and the other cytokines belonging to the same family might 

have evolved functions related to female fertility in mammalian clades. To investigate 

this, synteny mapping, Multiple Sequence Alignment (MSA) and phylogeny were applied 

to the IL-17s belonging to representative species of the three mammalian clades 

(eutherian, metatherian and prototherian), confirming the similarities in the genomic 

organisation and in the protein sequences of all mammalian IL-17s. Furthermore, 

analysis of fertility-related datasets showed an upregulation of IL-17A transcript in 

metatherian pregnancy stages corresponding to placentation, whereas in eutherian 

mammals IL-17D expression is increased during placentation. Analyses also 

demonstrated upregulation of IL-17B and IL-17D in endometriosis, recurrent 



4 
 

implantation failure (RIF) and unexplained infertility when compared with healthy 

women, further emphasising a role for IL17 in female reproductive immunity.   

The main producers of IL-17A are classically thought to be lymphoid populations such 

as TH17, γδT-cells or ILC3 cells. Having shown that IL-17A was increased in our cohort of 

women with unexplained fertility, immune cell gene signature analysis of bulk RNA-seq 

from endometrial biopsies revealed that immune cell populations were similar in 

women with successful and unsuccessful pregnancies. We therefore hypothesised that 

endometrial epithelial cells were responsible for production of IL-17A in endometrial 

tissue from women with unexplained infertility. We focused initially on the Ishikawa 

immortalised endometrial epithelial cell line. Treatment of these cells  with bacterial 

lipopolysaccharide (LPS) or the synthetic analogue of viral double stranded RNA virus 

poly(I:C) induced  upregulation of IL-17A mRNA. IL-12B which in conjunction with IL-23A 

stimulates activation of RORγt, the transcription factor responsible for IL17 

transcription, was also induced and flow cytometry confirmed RORγt protein positive 

staining in Ishikawa cells. Stimulation with recombinant IL-17A induced increased 

expression of AMPs and CXCL8 in both Ishikawa cells and primary human endometrial 

epithelial cells (hEECs), obtained from endometrial biopsies.  

Since IL-17A is produced in response to bacterial infections, we explored the uterine 

microbial composition in women with unexplained infertility from our study cohort. 

Bacterial DNA was extracted from endometrial biopsies taken from our cohort of 

women and subjected to 16S sequencing. This analysis identified a more diverse 

microbiome in the women with unsuccessful pregnancy outcome, with 

Corynebacterium spp. and Prevotella spp. significantly higher in those women. Given 

that a greater microbial diversity in bacterial vaginosis results in increased SCFAs, we 

wondered what effect SCFA might have on endometrial cells. Butyrate treatment of 

Ishikawa and hEECs cells induced increased expression of AMPs, cytokines such as TNFα 

and IL-17A, and chemokines, CXCL8. Butyrate treatment led also to the production of IL-

17A, IL-8 and TNFα protein levels, confirming the ability of non-immune cells to produce 

IL-17A. By using selective inhibitors of HIF1α and Nf-κB, we demonstrated that these 

two pathways seem to be involved in butyrate induction of cytokines, chemokines and 

AMPs. Analysis of a chromatin immuno-precipitation (ChIP)-seq database identified a 
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butyrylation binding site upstream of the IL-17A gene, which also seemed to be 

confirmed by performing ChIP on Ishikawa cells treated with butyrate.  

A role for IL-17A and butyrate in implantation was explored using models recapitulating 

the window of implantation. The changes induced during the window of implantation 

were mimicked by treating cells with progesterone with or without IL-17A. The presence 

of IL-17A during the maturation of epithelial cells seems to not impact on their 

receptivity, given that markers of endometrial receptivity such as SPP1 and ITGAV show 

no changes in expression when IL-17A is added to the progesterone. However, IL-17A 

slightly reduced expression of stromal decidualisation markers such as PRL or SPP1. 

Butyrate seems to facilitate  stromal cells decidualisation, as can be seen by the increase 

in PRL and IGFBP1 expression when butyrate is added to the decidualisation media. Also, 

butyrate was shown to drive endometrial receptivity markers, as it can be noticed a 

significantly increased Expression of SPP1 and ITGAV is significantly increase. IL-15 and 

LIF, which are two markers used for detecting the window of implantation are also 

induced by butyrate in epithelial cells, but are decreased by butyrate in stromal cells. 

In summary, we present evidence that IL-17A and other cytokines belonging to the same 

family, have roles in female fertility and that their expression is dysregulated in fertility 

complications. Furthermore, we find that endometrial epithelial cells contribute to local 

mucosal immune activity by producing IL-17A, contributing to a pro-inflammatory 

environment which is detrimental to fertility. Women who are not able to conceive 

despite ART had a different endometrial microbiome, which is likely to alter local 

metabolite environment.  Among the stimulants that induce IL-17A production by 

endometrial epithelial cells in FRT is butyrate, a metabolite derived from microbial 

species, that can potentially regulate IL-17A expression by epigenetic modification. Also, 

high butyrate levels during endometrium maturation are associated with increased 

stromal cell decidualisation and epithelial receptivity markers. The mechanisms 

regulating the first stages of pregnancy are complex thus, further investigation on the 

local microbiome-induced immune mechanisms may provide novel therapeutic targets 

to improve female fertility. 
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Chapter 1. General Introduction 

 

1.1 Anatomy and physiology of the female reproductive tract 

The human female reproductive tract (FRT) comprises several organs showing a very 

diverse anatomy and physiological roles. Furthermore, sex hormones, such as oestrogen 

and progesterone, are responsible for changes occurring cyclically during the menstrual 

cycle. The component of the FRT are: ovaries, fallopian tubes, uterus and vagina. Often, 

the ovaries, fallopian tubes and uterus are referred as upper FRT, whereas the vagina is 

referred as lower FRT, with the cervix acting as a barrier between these two 

compartments (Figure 1.1).  

 

 

 

 

 

 

 

 

Figure 1.1. Anatomy of the human female reproductive tract. The human female reproductive 

tract consists in ovaries, which are held by the ligament and project into the fallopian tubes. The 

uterus is composed by the endometrium and the muscular myometrium. The cervix is the portion 

that separates the uterus from the vagina and it is divided in endocervix and ectocervix. Figure 

taken from (1). 
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1.1.1 Ovaries 

Ovaries are almond-shaped glands formed by an outer cortex which surrounds the 

follicles containing the oocytes and an inner medulla containing interstitial cells, fibrous 

tissue, blood vessels and nerves. The main functions of ovaries are the development and 

release of mature oocyte and the production of sex hormones (oestrogen, or E2, and 

progesterone, or P4,) (Figure 1.2) (1). The oocyte develops from the follicles which are 

present in great number in the ovaries since birth and consist of immature gamete cells 

which arrested their development at the stage of meiosis I. After reaching sexual 

maturity, the Follicle Stimulating Hormone (FSH) from the pituitary gland stimulates 

follicle activation and maturation. This process starts the follicular phase in the 

menstrual cycle, during which follicles enlarge and migrate from the medulla toward the 

outer surface of the ovary. In the meantime, interstitial cells produce androgens which 

are transformed in oestrogen and progesterone by the granulosa cells, which surround 

the developing follicle. At the end of the follicular phase, which lasts 14 days, only one 

or two follicles mature and release the oocyte into the fallopian tube to allow 

fertilisation (1). This process is also known as ovulation and is stimulated by a peak of 

the Luteinizing Hormone (LH) deriving from the pituitary gland, also called LH surge (2). 

For the remaining 14 days of the menstrual cycle, the follicle who was ruptured and 

expelled the oocyte, also called corpus luteum, keeps producing progesterone in 

response to the stimulation with LH. This phase is also known as luteal phase. 

Progesterone is secreted in high quantity in order to help developing the fertilised 

oocyte into an embryo. If, at the end of the luteal phase the oocyte has not been 

fertilised, the corpus luteum involutes and stops producing progesterone, causing the 

shedding of the uterine lining known as menstruation, starting another cycle of follicle 

maturation . 

1.1.2 Fallopian tube 

The fallopian tube, also called oviduct, is a duct that connects the ovaries with the 

uterus. It is lined with a mucous layer and the end close to the ovaries is funnel shaped 

and presents finger-like branches called fimbriae (1). This region is called infundibulum 

and is required to catch and channel the oocyte once expelled from the follicle. In the 
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fallopian tube also occurs the sperm migration, a process that is helped by the secretion 

of the mucosal cells required to keep viable both the sperm and the oocyte. The mucosal 

lining cells of the oviduct are also ciliated, to help the movement of the oocyte and the 

sperm and allow fertilisation. Fertilisation happens in the fallopian tube and then the 

fertilised egg moves into the uterus thanks to the cilia and to peristaltic movement of 

the fallopian tube (1). If the oocyte has not been fertilised, it moves to the uterus where 

it will be secreted during the menstruation. 

1.1.3 Uterus and endocervix 

This muscular organ is connected to the fallopian tubes in the upper region, named also 

fundus, and to the lower FRT with the cervix. The internal lining of the internal uterine 

cavity is the endometrium, a single columnar layered epithelium and is surrounded by 

a thick smooth muscular layer named myometrium (1). Due to the stimulation with sex 

hormones, the endometrium is subject to cyclic changes that form the uterine cycle, 

which happens at the same time as the ovarian cycle (Figure 1.2). During the follicular 

phase of the ovarian cycle, the oestrogen (particularly 17-β-Estradiol) stimulates the 

growth of the epithelial layer in the endometrium, which increases his thickness. 

Similarly, also the stromal cells undergo proliferation and spiral arteries forms. This 

phase is also known as proliferative phase and lasts until ovulation (2). During this 

phase, the mucus lining the endometrium becomes more fluid to accommodate sperm 

motility. After ovulation, it starts the secretory phase, which happens at the same time 

as the luteal phase and lasts 14 days. The changes induced in the endometrium during 

this phase are dominated by progesterone. This hormone stimulates the endometrial 

epithelial cells to stop proliferating and developing as glandular secretory cells, able to 

produce more mucous secretions. If the oocyte is fertilised, it develops as an embryo 

which reaches the endometrium and invade the thick epithelial layer for implantation, 

stimulated by the constant production of progesterone by the corpus luteum. If 

fertilisation has not occurred, the corpus luteum stops producing sex hormones. The 

drop in sex hormones levels causes the start of the third phase of the uterine cycle which 

are menses. Without the stimulation of sex hormones, the thick epithelium cannot be 

maintained, and it is therefore shed  together with artherial blood from the spiral 
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arteries. This phase lasts for up to 5 days, after which another cycle restarts with the 

proliferative phase (2).  

1.1.4 Cervix 

The cervix is the region linking the uterus with the vagina and acts as a physical barrier 

for preventing vaginal bacteria and external pathogens to reach the uterus. It is divided 

into two regions, the endocervix, which is continuous with the uterus, and the 

ectocervix, which projects into the vagina (1). The endocervix shows the columnar 

epithelium as in the endometrium, whereas the ectocervix shows a squamous 

epithelium. The junction between these two epithelia creates the squamocolumnar 

junction (SCJ). In certain conditions, hormonal dysregulation or infections can cause 

replacement with the glandular epithelium with the squamous metaplasia, a 

phenomenon called Transformation zone (TZ), which is one of the causes leading to 

cervical cancer (1). The cervix undergoes cyclical changes throughout the menstrual 

cycle under the influence of sex hormones. It has been demonstrated indeed that the 

overall width and length of the cervix is greatest in the follicular phase of the menstrual 

cycle (3). Also, during ovulation the mucus lining the cervix changes his consistency to 

help sperm passage (3). 

Figure 1.2. The Menstrual cycle in the FRT. The hormones deriving from the pituitary gland (FSH 

and LH) direct the changes 

induced during the ovarian 

(central panel) and uterine cycle 

(bottom panel). In the ovarian 

cycle, the ovaries are responsible 

for the maturation of the follicles 

to release a mature oocyte 

during ovulation, as well as 

producing the sex hormones 

oestrogen (E2) and progesterone 

(P4). Meanwhile, in the uterine 

cycle the endometrium 

undergoes proliferation first and 

then epithelial cells develop a 
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glandular phenotype to welcome the developing embryo. If fertilisation does not occur, 

menstruation takes place, starting a new cycle. On the right is displayed the FRT structure, with 

all the compartments highlighted. LE: luminal epithelium; GE: glandular epithelium; OSE: ovarian 

surface epithelium. Adapted from (1).  

 

1.1.5 Vagina 

Vagina corresponds to the lower region of the FRT and connects the vulva to the uterine 

cervix. This channel is elastic and distensible and displays a nonkeratinized stratified 

squamous epithelium (1).  Given its direct connection with the outer space, this region 

displays a unique microbiota responsible for lactic acid production and is colonised by 

many immune cells to prevent pathogen infections.  

 

1.2 Mucosal immune system in the female reproductive tract 

Like the gut and all other mucosal sites, the FRT is characterised by a system that allow 

to tolerate commensal bacterial whilst protecting from pathogen infections. This system 

is named mucosal response or mucosal immunity and is composed by physical barriers 

to prevent infections as well as epithelial and immune cells activation to clear pathogen 

invasion (4). To avoid activation of the immune responses against the symbiotic 

microbiome, the commensal bacteria are known to tailor the mucosal response to 

maintain immune tolerance for the healthy microbiota component (5). Similarly, the 

immune response in the FRT must tolerate the semen as well as the semi-allogenic 

embryo for the establishment of a correct pregnancy (6). As described earlier on, there 

is a different microbial component between the lower and the upper FRT and, both the 

microbiome and immune compartments, have been shown to change under the 

influence of sex hormones during the menstrual cycle (Figure 1.7) (7). Therefore, 

mucosal immunology of the FRT is very complex. The following sections will briefly 

explain the mechanism mediated by immune cells and by non-immune cells in fighting 

infections in the FRT mucosal sites. 
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1.2.1 Immune cells involved in the mucosal activity in FRT 

1.2.1.a Professional Antigen Presenting Cells (APCs) 

During infections, microbial derived molecules are internalised by cells able to process 

them and present to lymphocytes to trigger their activation against the right antigens. 

These abilities are possessed by Antigen Presenting Cells (APCs), which include dendritic 

cells (DCs), macrophages and B cells as professional APCs (8). Within vaginal mucosa 

have been identified four subsets of APCs: cervicovaginal Langerhans cells (cvLCs), 

CD14+DCs, CD14-DCs, and CD14+ macrophages (9). cvLCs are located within the cervico-

vaginal epithelium, whereas the other three subsets can be found in the subepithelial 

lamina propria. All the four subsets can induce a pro-inflammatory TH1 response, but 

only CD14-DCs and cvLCs have been found to induce a TH2 response (9, 10). In mouse, 

which shows a similar organisation of vaginal APCs, cvLCs change their location during 

oestrus cycle, with an higher abundance of cvLCs in the vaginal epithelium during 

diestrus and late metestrus (corresponding to the luteal phase) and very few during 

oestrus and early metestrus (corresponding to the ovulatory phase) (11).  

In non-pregnant endometrium macrophages cannot be identified however, during the 

secretory phase of the menstrual cycle are formed lymphoid aggregates containing a 

core of B-cells surrounded by CD8+ T-cells with an external circle of macrophages (12). 

The function of these structures is still not clear, however it is possible that they act as 

sensory stations to recognize infections and limit their systemic spread during 

menstruation, when endometrial epithelium barrier disrupts and the organism would 

be more sensitive to infections (6). Furthermore, the macrophages that are found in 

non-pregnant endometrium secrete angiogenic factors as well as anti-inflammatory 

mediators, characteristic of M2 subtype macrophages (13). During menstruation it can 

be observed an increased recruitment of macrophages as well as their activation in 

secreting endometrial repair molecules, to help restore endometrial integrity (14).     

In pregnant endometrium, decidual DCs have been shown to inhibit uNK cell cytotoxicity 

and stimulate pro-angiogenic factor for spiral arteries formation (15). Additionally, 

decidual macrophages, which are grouped in two phenotypes CD11chi and CD11clo, 

secrete anti-inflammatory molecules such as IL-10 and TFG-β to induce tolerance for the 
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foetus, as well as inducing pro-angiogenic factors to facilitate the remodelling of blood 

vessel during placentation (16, 17).  Similarly, B-cells show positive effects during 

pregnancy since in pre-term labour were found reduced levels of B-cells impairing the 

production of progesterone-induced blocking factor 1 (PIBF1), which seems to lower 

inflammatory responses (18). 

1.2.1.b Neutrophils 

These polymorphonuclear cells belong to the innate arm of the immune response and 

are involved in the first line of defence against infection for their neutralising and killing 

abilities (19). They are indeed able to phagocyte pathogens, as well as killing them by 

producing reactive oxygen species (ROS), bactericidal enzymes or through the formation 

of neutrophil extracellular traps (NETs), formed by extrusion of their chromatin loaded 

with lytic enzymes (19). Neutrophils represent approximately 10% of the immune cells 

present in the cervix, but they show a very low concentration in the endometrium, with 

exception for the pre-menstrual phase, where they increase up to 15% of the total 

immune cells (20). Neutrophils have been indeed shown to be among the initiator of 

menstruation via induction of endometrium remodelling through secretion of matrix 

metalloproteases (MMPs) (21). Neutrophil recruitment in the endometrium is regulated 

by sex-hormones and is facilitated by progesterone but severely inhibited by oestrogen 

(22). The absence of neutrophils during the ovulatory phase, when oestrogen levels are 

high, is also required to avoid excessive semen degradation to ensure fertilisation (22). 

In pregnancy, there is an increase recruitment of neutrophils in the decidua through IL-

8 and they are shown to secrete pro-angiogenic factors (23). An even higher increase in 

neutrophils in uterine tissue and in the cervix can be observed during parturition, either 

at term or preterm. In this phase, more IL-8 is produced leading to the recruitment of 

neutrophils, which in turn secrete MMPs and cytokines, responsible for the pro-

inflammatory environment and for the remodelling processes needed for parturition 

(23). 
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1.2.1.c Innate Lymphoid Cells (ILCs) 

This group comprises five subsets of lymphoid cells which belong to the innate arm of 

the immune response. The cells belonging to this group derive from different 

developmental pathways and show also different actions: NK cells, ILC1, ILC2, ILC3, and 

lymphoid tissue inducer (LTi) cells (24). In human endometrium and decidua have been 

identified ILC3, which are highly pro-inflammatory and are characterised by the 

expression of RORC and IL-22 genes (25, 26).  

1.2.1.d Natural killer (NK) cells  

NK cells are the most studied subset of innate lymphoid cells in the uterus, also named 

uNK, and can be found in several phenotypes: the more common CD3− CD56bright CD16−, 

as well as a more immature phenotype CD34−  CD117+ CD94−  capable of expressing 

RORC and IL-22 (4, 27). NK cells are strictly regulated by the menstrual cycle and by 

progesterone, showing very few cells during the proliferative phase within the stromal 

compartment, but they start proliferating after ovulation until menstruation. In this 

phase, NK cells can reach up to the 30-40% of the lymphocytes infiltrating in the decidua, 

which explains their name decidual NK cells or dNK, and acquire a characteristic 

phenotype CD56bright CD16− KIR+ CD9+ (20, 28). Contrarily to circulating NK cells, dNK 

cells show poor cytotoxicity, caused by impaired degranulation and release of IFN-γ (29). 

In addition, dNK cells sustain pregnancy processes by secreting pro-angiogenic factors 

(VEGF) as well as tissue remodelling molecules, such as stromal derived factor-1 (SDF-1) 

and IFN-γ-inducing protein 10 (IP10) (30). Due to their ability in recognising self and non-

self antigens, uNK cells have also an important role in tolerating foetal-derived tissues. 

In normal conditions, cells expressing a non-self MHC would be recognised by activating 

NK-cell receptors, leading to the degranulation, and killing of non-self cells. uNK cells 

showed increased expression of inhibitory receptors, such as CD94/NKG2A which shows 

increased binding affinity than the corresponding activating receptor CD94/NKG2C (28). 

Given that the foetus and the foetal-derived tissue carry two haplotypes of MHC, one 

maternal and one paternal, is possible that uNK cells are educated in tolerating the 

allogenic antigens via the activation of the inhibitory NKG2A receptor binding to 

maternal antigens (28, 31). Due to all these processes mediated by uNK cells, their 
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dysregulation is closely associated with fertility-related pathologies and complications 

(32-34). 

1.2.1.e T lymphocytes  

Several populations of T lymphocytes have been identified in the FRT mucosa. An 

important function is played in mucosal immunity by tissue resident memory T-cells 

(TRM), which are found to be abundant in the endometrium and are particularly enriched 

during the window of implantation (35). Despite TRM cells can derive from both CD4+ 

and CD8+ T-cells, the most abundant population found in human decidua is of CD8+ 

lineage. dTRM cells have been found to be able to secrete in high amounts both 

antimicrobial cytokines, TNFα and IFN-γ, as well as anti-inflammatory cytokines, IL-4 and 

TGF-β, displaying the capability of both protecting the mucosa from infections whilst 

being able to maintain a tolerogenic environment for sustaining the pregnancy (36).  

Other T-cells associated with mucosal defence are Mucosal-associated invariant T 

(MAIT) cells. These cells are characterised by the expression of a semi-invariant chain in 

their TCR, thus can recognise several microbial-derived metabolites (37). MAIT cells are 

abundant in the FRT and display different functions if compared to the circulating ones 

indeed, when challenged by bacterial infections, they produce mainly IL-17A and IL-22, 

whereas their circulating counterparts produce mainly IFN-γ, TNF and granzyme B (38). 

During the first trimester of pregnancy, MAIT cell can be identified in the decidua in low 

amounts and their expression of granzyme B is much lower than in the circulating 

counterparts whereas immune checkpoint markers, such as PD-1, show an increased 

expression, in agreement with the tolerogenic environment needed for the early stages 

of embryo development (39). Regarding the conventional T-cells, both CD4+ and CD8+ T 

cells can be found in the lower FRT, in a 40:60 proportion respectively (6). Vaginal CD8+ 

T cells are highly cytotoxic against pathogens and can quickly respond to subsequent 

infections thanks to the TRM. The vaginal CD4+ T-cells display the typical range of 

differentiation in the four main T helper subtypes (6). It has been already mentioned 

the formation in the endometrium of the lymphoid aggregates in which CD8+ T-cells are 

abundant and ready to respond in case of infection. However, during the secretory 

phase the cytotoxicity activity of endometrial CD8+ T-cells is shown to be decreased, 

probably because under influence of sex hormones (40).  During pregnancy the main 
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CD4+ T cell subsets in the decidua are Treg and TH2, which show an anti-inflammatory 

phenotype to guarantee foetal tolerance (41-43).  

 

1.3 IL-17 family of cytokines and receptors 

IL-17A has been extensively studied for its central roles in host mucosal defence against 

infections (44). These roles also appeared to be shared by the other five members of 

the IL-17 cytokine family, which are named from IL-17B through IL-17F. However, the 

other IL-17 cytokines have not been extensively studied. These cytokines show a 

variable percentage identity between them, with IL-17A and IL-17F being the closest 

and IL-17E (also known as IL-25) as the most divergent from IL-17A (45). What 

characterises these cytokines is the presence of five conserved cysteines involved in the 

formation of a cystine-knot structure, which is similar to the one found in growth factors 

and dimeric hormones (46). The active form of IL-17 cytokines is generated by 

dimerization through disulphide bond interactions, either as homodimers or 

heterodimers, however only IL-17A and IL-17F are known to form the heterodimer (47). 

In particular, IL-17F/F and IL-17A/F are dimers produced by activated CD4+ T-cells (47). 

These cytokines activate downstream signalling pathways through interaction with 

dedicated dimeric receptors. IL-17RA and IL-17RC were the first to be discovered (48, 

49) and are responsible for binding IL-17A and IL-17F(50), however they show different 

affinities for them, with higher affinity for IL-17A/A> IL-17A/F> IL-17F/F, which can 

explain why the dimers show different potency in stimulating pro-inflammatory signals 

(51, 52). IL-17RB can bind both IL-17B or IL-25 (53), while IL-17RE binds to IL-17C (54). 

The ligand for IL-17RD is still unknown to date, despite it has been shown to be the most 

ancient member of the family, with homologues in lampreys (55). These receptors are 

expressed ubiquitously in the human body and the main cell types who respond to IL-

17A and IL-17A/F are epithelial cells, endothelial cells, macrophages and dendritic cells 

(56). 

 



27 
 

1.3.1 Family members and signalling pathways activated 

The IL-17R are characterised by fibronectin-like extra-cytoplasmatic domain and they all 

share a SEFIR (SEF/IL-17) domain in the cytoplasmatic domain, which is distantly related 

to the toll-IL-1 receptor (TIR) domain, shown in Toll-like receptors and IL-1 receptors 

(57). However, the SEFIR domain lacks the region needed for interacting with TIR-based 

proteins, but IL-17RA has been shown to possess a TIR-like loop (TILL) which enables it 

to interact with, ACT1, another protein which shares the SEFIR domain (57, 58). Thus IL-

17RA is required for downstream signalling pathway activation (Figure 1.3) and is 

required by IL-17RC, IL-17RB, IL-17RD and IL-17RE dimerization (56), although evidences 

of independent signalling pathways have also been also observed for those receptors 

(59, 60).  

1.3.1.a IL-17A-IL-17RA signalling pathway 

Once ACT1 binds to the IL-17RA, then it recruits TNFR associated Factor 6 and 3 (TRAF6 

and TRAF3), leading to the activation of Nf-κB signalling pathway. Additionally, IL-17RA 

shows a C/EBPβ activation domain (CBAD), responsible for activation of C/EBPβ and 

C/EBPδ, as well as MAPKs/AP-1 (50, 61). The outcome for the signalling pathway 

activation is the transcription of chemokines, cytokines, anti-microbial peptides and 

matrix metalloproteases (56), which are extremely important for clearing the infection 

in the mucosal sites and restore the homeostasis. Studies have highlighted how IL-17A 

per se is a weak cytokine and chemokine inducer through Nf-κB signalling pathway (62). 

However, IL-17A can yet induce a potent pro-inflammatory response through enhancing 

mRNA stability (63). mRNA stability is increased by certain RNA binding proteins such as 

tristetraprolin, however IL-17A seems to act independently from this molecule (64). IL-

17A mediated mRNA stabilisation is instead achieved through ATC1-MAPK pathway, but 

it does not require TRAF6 (56, 62, 65). Several studies have highlighted how IL-17A 

treatment induces mRNA stabilisation of its target mRNA, especially cytokines and 

chemokines such as IL-6, IL-8, CXCL1 (64-67).  

In addition to this canonical signalling pathway, also other pathways have been 

discovered to require the interaction of IL-17 with other ligands (68-70). For example, 

stimulation of the osteoblastic cell line MC-3T3 with IL-17A and Tumor Necrosis Factor 
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α (TNF-α) results in increased IL-6 expression via C/EBPδ activation (68). IL-17A signalling 

can also activate ERK pathway in conjunction with growth factors. In an intestinal 

dysbiosis model basic fibroblast growth factor (FGF2), secreted by Treg cells, synergise 

with IL-17A, secreted by TH17 cells, and leads to ERK pathway activation to induce 

intestinal epithelial cells proliferation and wound-healing processes (70). ERK pathway 

activation is obtained by ACT1 binding preferentially to IL-17RA-IL-17RC, thus releasing 

its suppressive effect on ERK activation through FGF2 (70). IL-17A activates ERK5 also in 

chemically induced carcinogenesis model  in keratinocytes stimulated with 

carcinogenetic chemicals 7,12-dimethylbenz[a]anthracene (DMBA) and the pro-

inflammatory phorbol ester 12-O-tetradecanoylphorbol 13-acetate (TPA), leading to cell 

proliferation and tumorigenesis (71). Also, a PAMP stimuli such as Candidalysin, a pore-

forming peptide secreted by hyphal-stage Candida albicans, was shown to potentiate 

IL-17 signalling in human buccal epithelial cells by activating c-Fos dependent secretion 

of pro-inflammatory cytokines (69).  
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Figure 1.3. IL-17 family of cytokine and receptors. The six members of IL-17 cytokine family (IL-

17A to IL-17F) are shown together with their dimeric receptors (IL-17RA to IL-17RE). All the 

receptor bind dimeric cytokines and encode for the SEF/IL-17R (SEFIR) domain in their 

cytoplasmic tail. IL-17RA shows two additional domains: a TIR-like loop (TILL) domain and a 

C/EBPβ activation domain (CBAD). IL-17RA is though to be required for downstream IL-17A/F 

pathway activation through interacting with ACT-1 via its SEFIR-TILL domain. Then, TRAF3 and 

TRAF6 are recruited leading to activation of Nf-κB via TAK1 and Iκκs inactivation of IκB. 

Alternatively, TRAF3 can lead to mRNA stability trough MAPKs activation. Whereas through the 

CBAD domain c/EBPβ can be activated, leading to the activation of the transcription factor 

c/EBPβ and c/EBPδ and AP-1 through mediation with MAPKs. These three transcription factors 

lead to the expression of genes coding for cytokines, chemokines, antimicrobial peptides (AMPs) 

and matrix metalloproteases (MMPs). The receptor complexes containing IL-17RB and IL-17RE 

activate the same pathway as the IL-17RA-RC complex. It is not well established yet the pathway 

downstream IL-17D, neither the receptor complex, however it has been shown to activate Nf-κB. 

IL-17RD is thought to bind IL-17A, however its downstream activation has not been investigated.  
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1.3.1.b IL-17RB signalling pathway 

IL-17RB is responsible for binding IL-17B (72) and IL-25 (73) but the signalling pathway 

activated downstream the two cytokines seems quite different. It seems that IL-17RA 

can bind the IL-25-IL-17RB pre-formed complex, but evidence is missing if this is 

happening for IL-17B-IL-17RB complex (52). IL-17RB shows an additional TRAF6 binding 

domain in its cytoplasmatic tail, which leads to activation of Nf-κB independently of IL-

17RA (59). Furthermore, the SEFIR domain in the cytoplasmatic tail of IL-17R receptor 

can bind ACT1, since mice lacking ACT1 fail to respond to IL-25 in vivo (74, 75). Thus, IL-

17RB signalling pathway leads to the same pathway activation as IL-17RA, with Nf-κB 

and MAPK/AP-1. Additionally, IL-25 has been shown to activate NFATc1 (nuclear factor 

of activated T cells, cytoplasmatic 1) and JUNB (76).  

1.3.1.c IL-17RC signalling 

IL-17RC forms the receptor responsible for IL-17A and IL-17F interaction (75, 77). 

Differently from IL-17RA, which shows a 100-fold higher affinity for IL-17A (52), IL-17RC 

binds both IL-17F and IL-17A with same high affinity (77). Recent studies highlighted 

that IL-17RC can form complexes with IL-17F and IL-17A in a 2:1 ratio, and that IL-17F 

preferentially binds IL-17RC than IL-17RA (60). This finding suggests activation of the 

downstream signalling pathway without IL-17RA involvement (60) however, this is only 

confirmed to happen in IL-17RA-/- mouse fibroblasts complemented with human IL-17RC 

(49). The signalling pathway activated downstream IL-17RC is the same as IL-17RA (51).   

1.3.1.d IL-17RD signalling 

IL-17RD was shown to bind IL-17A by dimerizing with IL-17RA (78). In the same 

publication, IL-17RD mutant lacking the intracellular domain suppresses the IL-17A 

mediated signalling because of the impossibility to interact with TRAF6 (78). IL-17RD can 

be found in evolutionarily distant species and it seems to have similar functions as Toll 

from Drosophila melanogaster. Indeed, in zebrafish and frog development IL-17RD was 

shown to control embryonic dorsoventral polarity by binding to FGFR1 and FGFR2 and 

blocking the downstream FGF signalling which leads to RAS-MAPK and PI3K activation 

(79). Also in human IL-17RD can bind FGFR1, leading to inhibition of ERK pathway 
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activation and blocking proliferation, although the mechanism by which this is mediated 

is not well characterised yet (80, 81). 

1.3.1.e IL-17RE signalling 

IL-17RE binds to IL-17C, however the details of the pathway downstream are to date 

still missing (50). This receptor is widely expressed in the body and is particularly highly 

expressed in some tumours, which has led to suggest for a mitogenic role, given that it 

was shown to mediate RAS/MAPK pathway activation through ERK1/2 (54). 

 

1.3.2 Downstream gene targets of each IL-17 

1.3.2.a IL-17A 

As mentioned, IL-17A stimulate a pro-inflammatory signature with induction of Nf-κB-

dependent cytokines and chemokines such as IL-6, IL-8, G-SCF, GM-CSF (82), CXCL1 and 

MCP1 (83). Secretion of these immune-mediators is needed for activation and 

recruitment of neutrophils and monocytes in the site of IL-17A release (84). Other target 

genes activated upon IL-17A stimulations are antimicrobial peptides (AMPs). These are 

small molecules belonging to the innate arm of the immune system, constituted by at 

least two positively charged residues with an acidic pH (85). This feature enables them 

to bind to the negatively charged membranes of bacteria, mycobacteria, fungi, and 

enveloped viruses mediating their direct killing (85). There are several classes of AMPs 

and IL-17A was shown able to induce several types such as β-defensins, S100 proteins 

and lipocalin2 (LCN2) (56, 86). Other genes belonging to the IL-17A target signature are 

matrix metalloproteases such as MMP1 and MMP9, thus confirming that IL-17A can also 

mediate wound healing processes (56, 87). Furthermore, there are other target genes 

induced by IL-17A which are expressed only in certain compartments. For example, it 

was shown that IL-17A plays an important role for maintenance of epithelial barrier 

integrity in gut, lungs and CNS by inducing occludin (Ocln) and mucins (56, 88, 89). 

During disseminated Candida albicans infection in the kidney, IL-17A was shown to 

activate the Kallikrein (Klk)-kinin system by increasing Klk1 production, exerting 

protective functions in preventing apoptosis in renal cells caused by the infection (90). 
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In the context of C. albicans infection in the oral mucosa, IL-17A regulates expression of 

histatins which, alongside AMPs, can resolve the infection by direct killing of the yeast 

and preventing it to bind to the oral epithelium (91). Furthermore, IL-17A treatment of 

hepatocytes and smooth muscle cells resulted in production of acute phase C-reactive 

protein (CRP), pointing out a role for IL-17A in mediating systemic inflammation and 

atherosclerosis (92).  

1.3.2.b IL-17B 

Differently from IL-17A, the roles of IL-17B are not clear and seem to be cell-type 

specific. IL-17B alone does not induce IL-6 secretion in synovial fibroblasts (93) but, 

stimulation in conjunction with TNFα, restores the ability to produce IL-6 and G-CSF (94). 

Similarly in a pneumonia model IL-17B cannot induce IL-8 protein secretion by lung 

fibroblasts, but this ability is present in bronchial epithelial cells and it is mediated by 

Akt-p38 MAPK, ERK and Nf-κB (95). In the monocytic cell line THP1, IL-17B induced 

production of TNFα and IL-1β, but production of other cytokines such as IL-6, IL-1α or 

G-CSF was not observed (93). In HeLa cells, Chinese Hamster Ovary (CHO) cells or 293T 

cells in vitro treatment with recombinant human IL-17B did not show induction of 

cytokines either mRNA or proteins (96), but in 3T3 cells and peritoneal exudate cells was 

observed production of pro-inflammatory cytokines IL-1α, IL-6, IL-23 (97).  

1.3.2.c IL-17C 

IL-17C signals through the IL-17RA-IL-17RE dimer, with IL-17RE being responsible for the 

specific binding for this cytokine (98). IL-17C induces a pro-inflammatory response in 

epithelial cells of mucosal sites, which also express the receptors for this cytokine, thus 

showing an autocrine signalling process (99). When a microbial infection occurs at 

mucosal sites, IL-17C is produced by epithelial cells and it leads to activation of 

expression of pro-inflammatory target genes: AMPs such as S100A family and defensins, 

cytokines and chemokines such as IL-1β, G-CSF and IL-8, and pro-inflammatory 

molecules (99). Among the target genes induced by IL-17C signalling, are also occludin, 

claudin-1 and claudin-4, who are involved in restoring tight junctions needed for 

epithelial barrier integrity (100). Furthermore, both in epithelial cells and in immune 
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cells IL-17C has been shown to induce IL-17A production, thus showing how family 

members of the IL-17 family can regulate each other expression (101, 102). 

1.3.2.d IL-17D 

IL-17D is the least studied member of the family and recently studies on lamprey have 

highlighted how IL-17D interacts with IL-17RA in B-like cells and leads to IL-8, BCL6 and 

BCAP increased expression (103). Human endothelial HUVEC cells treated with IL-17D 

showed increased expression of IL-6, IL-8 and GM-CSF via Nf-κB (104). Whilst production 

of IL-17D upon bacterial stimulation is still not clear (105) other reports have linked IL-

17D with antiviral and antitumor effects (106).  Indeed, in viral infections or 

carcinogenesis models, cells are shown to activate a stress response through Nrf2, 

which can activate the transcription of IL-17D (106). Using il-17d-/- mice models has 

confirmed how this cytokine is fundamental for viral clearance, as well as mediating NK-

cells recruitment and activation to favour tumour regression, however the details of the 

pathway involved in such mechanisms are not clear (106).  

1.3.2.e IL-25 

This member of the family stands out for its type-2 immunity activation in the context 

of helminth infection and allergy. A study using a model of helminth infection has 

highlighted how IL-25 is produced by tuft cells and activates ILC2 to produce IL-13, 

leading to epithelial progenitors remodelling to expand tuft cells, resulting in a circuit to 

expand both these cell populations (107). Among the gene target activated by the 

interaction with IL-25 and IL-17RB/RA are IL-6, TGF-β, G-CSF in mouse myeloma cells 

(59), as well as Th2 cytokines such as IL-4, IL-5, IL-13 in  various organs of rIL-25 treated 

mice (108). In the same model, was also observed recruitment of plasma cells and 

eosinophils.  

1.3.2.f IL-17F 

IL-17F is the most similar cytokine to IL-17A in terms of structure and signalling pathway 

activated. These two cytokines are indeed co-expressed on linked genes and produced 

by the same immune cell subsets that produce IL-17A (109). Furthermore, IL-17F can 

form homo- and heterodimers with IL-17A and use the same dimeric IL-17RA-IL-17RC 
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receptor leading to the same signalling pathway activation but with different strength, 

with IL-17A/F dimer being the intermediate and the IL-17F/F homodimer being the 

weakest (110).  Thus, the genes that are activated under IL-17F signalling are the same 

as for IL-17A. 

 

1.4 Sources of IL-17s cytokines 

1.4.1 Immune cells production of IL-17s 

In mammals IL-17A is classically assumed to be produced by lymphoid cells. It has been 

linked to a  subset of CD4+ T-cells, called TH17s, which was discovered to be activated 

with IL-23 in the absence of IFN-γ or IL-4, leading to the secretion of IL-17 (111). Since 

that discovery, TH17 differentiation from naïve CD4+ T-cells is now known to be induced 

by several stimuli, such as IL-1β and TNF, or IL-21 and TGF-β, or IL-6, IL-1β and IL-23 (112, 

113). Recently, other lymphoid cell subsets have been identified as IL-17A producers if 

stimulated with IL-1β, IL-23 or microbe-derived products (Figure 1.4), such as: γδ T cells 

(114); tissue resident memory cells (TRM) (115); cytotoxic CD8+ T cells able to produce 

IL-17, named TC17 cells (116);  mucosal associated invariant T cells (MAIT)(38). 

Additionally, immune cells belonging to the innate arm of the immune response secrete 

IL-17A, such as invariant Natural Killer T cells (iNKT)  (117), NK cells (118), Paneth cells 

(119) innate lymphoid cells type 3 (ILC3) and neutrophils (120, 121). The other IL-17s 

are also secreted mainly by immune cells, although slightly different subsets are the 

source (Figure 1.4): IL-17F is produced by the same subsets as IL-17A (122), whereas IL-

25  is produced by mast cells, eosinophils, basophils and TH2 cells, thus promoting a type 

2 immune response after fungal infection (108, 122, 123). IL-25 can be produced by 

immune cells, particularly is produced by dendritic cells in the context of atopic 

dermatitis, in which a strong type 2 immunity activation is observed (124). IL-17D mRNA 

is expressed at basal conditions in resting CD4+ T-cells and in resting CD19+ B-cells but it 

is not detectable in the activated counterparts (104). Also in non-mammalian species, 

such as teleosts, IL-17 family homologs are shown to be expressed in hemocytes, which 

are the teleosts counterpart for macrophages (125). Furthermore, the IL-17A/F1 which 

is homologue to IL-17A, was shown to induce CXCL8, IL-6 and IL-1β expression in the 
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grass carp, showing that the immunomodulatory activation induced by this cytokine 

appeared a long time ago (126).   

1.4.2 Non-immune cellular source for IL-17s 

Production of IL-17s by mammalian non-immune cells had also been observed, 

particularly for IL-17B, IL-17C and IL-17D (Figure 1.4).  IL-17B protein production - as well 

as  IL-17A - was observed in chondrocytes during healing processes after one week from 

fracture had occurred (127) and northern blot analysis and immune histochemistry (IHC) 

demonstrated the spinal cord and neurones as a site where IL-17B is produced in basal 

conditions (128). IL-17C has been shown to be produced by a broad range of epithelial 

cells (101, 129) and keratinocytes, where it is shown to activate mucosal responses (98), 

as well as dampening excessive inflammation induced by dextran sodium sulphate-

induced colitis (99). IL-17D mRNA has been shown to be broadly expressed in the body, 

especially in non-immune cell compartments such as brain, adipose tissue, lung, kidney, 

heart, skeletal muscle, pancreas, placenta (104). IL-25 can be produced by non-immune 

cells, particularly is produced by intestinal Tuft cells when stimulated by protozoan 

derived succinate (130) and also keratinocytes have been shown to secrete IL-25 protein 

in psoriatic lesions (131). Also, the transcript for IL-25 is enhanced in lung epithelial cells 

upon allergens stimulation (76) and is present in brain capillary endothelial cells, where 

it helps maintaining the blood brain barrier (132). IL-17F protein can be produced by 

intestinal epithelial cells in the aggravation of ulcerative colitis inflammation induced by 

Fusobacterium nucleatum infection (133). There is no evidence of production of IL-17A 

by non-immune cells (45) in mammals. However, these cytokines, including IL-17A/F 

which is an IL-17A and IL-17F homolog from several marine species including vertebrates 

teleosts and invertebrates such as mollusks, are shown to have an higher expression in 

gills, intestine, head kidney or gonads if compared to blood or hemocytes, (134, 135). 

This finding highlights how the mucosal associated activity of these cytokine is ancient 

and maintained over time. 

1.4.3 Transcription factors responsible for IL-17s transcription 

The transcription factor responsible for IL-17A and IL-17F production in all immune cell 

subsets studied so far is RAR-related orphan receptor-γt and -α (RORγt and RORα), with 
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RORγt is a more potent inducer of IL-17A and F transcription (136, 137). Indeed, studies 

using RORγt inhibitors have highlighted how blockade of this transcription factor leads 

to impaired TH17 differentiation and no IL-17A production (138). However, the transient 

use of an oral RORγt inhibitor GSK805 upon enteric Citrobacter rodentium infection in 

mice was shown to block TH17-dependent inflammation, but failed to block ILC3-

dependent immunity, thus highlighting how diverse cell types might rely differently on 

this transcription factor for IL-17A production (139).  

Other modulators for IL-17A production have the ability of induce RORγt expression, 

such as NF-κB, Runt-related transcription factor 1 (Runx1) and hypoxia-inducible factor 

1 (HIF-1). c-Rel was shown to bind RORγt promoter and experiments using knock-out 

mice has demonstrated how their pro-inflammatory experimental autoimmune 

encephalomyelitis (EAE) profile is milder if compared to wild type littermates due to lack 

of RORc expression, the gene coding for RORγt, and consequently less  TH17 cells 

maturation (140). In TH17 cells has also been shown that Runx1 increases the expression 

of RORγt and mediates this cell subset maturation and IL-17A production (141). The 

metabolic sensor HIF1 enhances TH17 maturation upon hypoxic conditions by inducing 

RORγt transcription and helping RORγt binding to IL-17A promoter via interaction with 

p300 (142).  

It seems that RORγt expression is not limited to immune cells. Looking at the human 

protein atlas database (https://www.proteinatlas.org/) is possible to see the mRNA 

expression of RORc in other cell types such as epithelial cells (glandular, squamous or 

specialised), endocrine cells and muscle cells from various organs.  
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Figure 1.4. Cells producing IL-17 family members. IL-17A is mainly produced by immune cell 

subsets belonging both to the adaptive arm (TH17, γδ-T cells, TRM cells, TC8 cells) or to the innate 

arm of the immune system (MAIT cells, NK cells, iNKT cells, ILC3, neutrophils and Paneth cells). 

IL-17B to IL-17F are produced by both immune and non-immune cells. 

 

1.5 IL-17s in Health and disease 

1.5.1 Roles in inflammation 

IL-17 family of cytokines are important players in mucosal immunity. They activate pro-

inflammatory responses, mainly in non-immune cells such as epithelial, stromal cells 

and macrophages. It seems that IL-17A/F have a broad spectrum of activity and that the 

other members of the family are more cell-type or organ specific (45). Almost all IL-17s 

mediate responses against bacterial and fungal infections, such as Candida, Klebsiella 

and Bordetella species (114, 115, 143). The role for these cytokines in bacterial and 

fungal infection is extremely important, as it can be noticed how drastic are the effects 

of genetic mutation in the IL-17 signalling pathway in the severity of mucocutaneous 
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Candida infections (144). The exception for IL-17 members having a role in bacterial and 

fungal protection is IL-25, which is instead involved in helminth and allergy-induced 

inflammation (107), and IL-17D which seems to have a role for viral infection clearance 

(106).  

In the context of inflammation, IL-17s mediate neutrophil attraction to the site of 

infection by inducing chemokines and myeloid-activating cytokines such as IL-6 and G-

CSF (59, 82, 99, 104) (Figure 1.5). For IL-25 we can also observe TH2 inducing cytokines 

production, leading to B-cell activation (108). In addition to immune-cell recruitment 

and activation, IL-17s also stimulate non-immune cells in clearing the infection by 

inducing AMPs. Various classes of AMPs are produced in response to each IL-17 family 

member: β-defensins, S100 proteins, lipocalin2 (56, 86, 99). These molecules can 

resolve infection by direct killing of microbes, as well as further modulating the immune 

cells by exerting chemotactic and immunomodulatory activities (145). IL-17A and F also 

induce wound-healing responses through secretion of MMPs (56, 87). Another way IL-

17s protect from infection is by mediating epithelial barrier integrity via the tight 

junction proteins occludin, claudin-1 and claudin-4 (88, 100).  
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Figure 1.5. Mechanism of IL-17A in clearing infection at mucosal sites. During an infection, IL-
17A producing cells produce IL-17A which stimulates non-immune cells (such as epithelial, 
stromal  cells and macrophages) via IL-17R. The stimulation induces target genes expression and 
comprises: ① Secretion of antimicrobial peptides (AMPs) with microbicidal and 
immunomodulatory activities; ② Restoration of mucosal membrane integrity via induction of 
tight-junction forming proteins; ③ Secretion of chemokines to attract immune cells, such as 
neutrophils, to the site of infection; ④ Secretion of cytokines to activate immune cells; ⑤ 
Activation of wound-healing response in order to restore homeostasis and heal the site via 
matrix metalloproteases (MMPs) release. 

 

1.5.2 Roles in health complications 

As already indicated, IL-17s are pro-inflammatory molecules secreted in infection 

settings, however when their activation becomes dysregulated and chronic, this 

contributes to immune pathologies onset. There are several inflammatory pathologies 

linked to inappropriate IL-17A/F signalling pathway activation, such as psoriasis, 

ankylosing spondylitis (AS), rheumatoid arthritis (RA), inflammatory bowel disease (IBD) 

and multiple sclerosis (MS) (122, 146). In all these pathologies, we can observe a 

dichotomous nature of these cytokines having both protective and pathogenic roles. 

Indeed, in both the skin and the gut IL-17A/F are crucial for host protection against 

infections (88, 144), yet its chronic activation leads to inflammatory skin diseases and 

IBD (147, 148). Is possible to note in Table 1.1 a difference in the highly pro-

inflammatory cytokines IL-17A, IL-17B, IL-17C and IL-17F, which are actively associated 

with the pro-inflammatory symptomatology characteristic of autoimmune diseases. 

This is mainly caused by the release of cytokine and chemokines which leads to immune 

cells recruitment and activation as well as excessive wound-healing processes mediated 

by matrix metalloproteases release (45, 122, 146). On the other hand, IL-17D and IL-25 

are instead associated with fewer autoinflammatory diseases and they show a milder, 

if not anti-inflammatory, effect given that they compete for the IL-17RA and IL-17RB 

receptors with the pro-inflammatory family members (149, 150) (Table 1.1).   
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 Autoinflammatory diseases Cancer and other diseases 

IL-17s Disease Reference Disease Reference 

IL-17A 

RA 

Psoriatic Arthritis 

AS 

Psoriasis 

IBD 

MS 

Brain Ischemia 

Epilepsy 

Obesity 

Atherosclerosis 

(151) 

(152) 

(153) 

(154) 

(155, 156) 

(157) 

(158) 

(159) 

(160, 161) 

(162) 

Skin cancer 

Multiple Myeloma 

Autism 

(163, 164) 

(165) 

(166) 

IL-17B 

Coeliac disease 

RA 

Pneumonia 

SLE 

(167) 

(94) 

(95) 

(168) 

Pancreatic cancer 

Lung cancer 

Breast cancer 

Gastric cancer 

(169) 

(169) 

(169) 

(170) 

IL-17C 

Psoriasis 

Atherosclerosis 

Inflammatory 

Glomerulonephritis 

(154) 

(171) 

(172) 

Colorectal cancer 

Lung cancer 

(173) 

(174) 

IL-17D RA (175)   

IL-25 

Asthma 

Atopic dermatitis 

IBD (anti-inflammatory 

role) 

(176) 

(176) 

(150) 

Hepatocellular 

carcinoma 

(177) 

IL-17F 

RA 

Psoriasis 

IBD 

(151, 178) 

(154) 

(133) 

  

Table 1.1. IL-17 family in human diseases. RA, Reumathoid Arthritis; Ankylosing Spondylitis, AS; 

Inflammatory Bowel Disease, IBD; Multiple Sclerosis, MS; Systemic Lupus Erythematosus, SLE. 
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Sustained and prolonged pro-inflammatory stimuli are often associated with 

tumorigenesis, thus also the members of the IL-17 family have been associated with 

several malignancies (Table 1). One of the mechanisms linked to tumorigenesis is the 

pro-proliferative stimulation that IL-17, especially IL-17A, have on epithelial cell growth, 

which has been linked to skin cancer (164). Another way IL-17s promote tumorigenesis 

is through the induction of angiogenic factors and matrix remodelling molecules such as 

MMPs (179).  Again, IL-17D and IL-25 show an anti-tumoral behaviour. IL-17D has been 

shown to favour tumour regression through NK cells recruitment (106). The role of IL-

25 is instead more controversial. This molecule is associated with anti-tumour processes 

such as eosinophils and B-cell attraction to tumour xenografts sites (180) and apoptosis 

induction in human mammary glands cancer cells (181). Other reports have shown that 

IL-25 is linked to poor prognosis on Hepatocellular carcinoma and have clarified how IL-

25 induces tumorigenesis through activation of pro-tumorigenic M2 macrophages 

(177). 

1.5.3 Therapies targeting IL-17 pathway 

Given the important role played by IL-17A in many pro-inflammatory diseases 

monoclonal antibodies have been developed to block it. Currently there are several 

antibodies that block IL-17A signalling and are used in autoinflammatory diseases such 

as psoriasis, ankylosing spondylitis and rheumatoid arthritis. Secukinumab and 

ixekizumab bind IL-17A, whereas brodalumab is active in neutralising IL-17RA (146). 

Other biologics are useful in such pathologies since they target IL-23 or IL-12, the 

upstream molecules responsible in IL-17A production: ustekinumab, mirikizumab, 

brazikumab, risankizumab, tildrakizumab, guselkumab (146). However, despite IL-17 

and IL-17RA blocking antibodies are extremely effective in psoriasis, they show limited 

efficacy and lead to worsening symptoms in other inflammatory diseases such as 

Crohn’s disease (182, 183), this is possibly due to the loss of the beneficial role that IL-

17A plays maintaining the gut epithelial barrier function (88). Furthermore, it has been 

noted an increased risk of fungal infections, such as candidiasis, in patients using IL-17A 

neutralising therapies (184). Thus, a fine tuning of IL-17A pathway could be more 

productive than completely abolishing it in certain pathologies.     
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1.6 Role of inflammation in pregnancy  

The immune system and inflammation in general are pivotal for the correct 

establishment and progression of pregnancy (Figure 1.6) (185-187). Three main phases 

can be identified during pregnancy: an early phase in which embryo implants and 

placentation occurs, an intermediate phase in which the foetus grows and, lastly, the 

parturition of the newborn. At all of these stages a different involvement of immune 

cells and immune-related molecules can be observed, creating pro-inflammatory 

environments for the early pregnancy establishment and parturition (185-187). 

Between these two stages, an immunosuppressive stage occurs, this is characterised by 

immune tolerance establishment (185-187).  

1.6.1 Mediators required in early pro-inflammatory stage 

As already indicated in the decidualization section, decidual cell secrete cytokines to 

communicate with the immune cells and to direct correct implantation (188). After 

implantation, the maternal decidua undergoes drastic changes for the formation of the 

placenta, which is the maternal-foetal communication interface. For correct 

placentation, the embryo erodes the decidual stroma and connects to the spiral arteries 

which are also subject to remodelling. These processes are mediated by embryonic-

derived cells and by maternal immune cells. dNK and decidual macrophages with M1 

phenotype produce VEGF and promote remodelling of the decidual stroma. 

Furthermore, dNK cells produce IL-8 and CXCL10, which directs embryo implantation 

(185). Other cells involved in embryo implantation are ILC3s, which produce IL-17, IL-22 

and TNFα, responsible for neutrophil recruitment (187). 

1.6.2 Immunosuppressive stage throughout gestation 

Pregnancy is a complex process in which the maternal immune system encounters and 

tolerates the foetus, which is a semiallogenic graft, since it shares only half of its genome 

with the mother, while the remaining half is of paternal origin. dNK cells have an 

important role in being able to tolerate foetal antigens (28, 31), especially under the 

stimulation of decidual stromal cells which blunts the cytotoxic activity of those immune 
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cells through IL-15 stimulation (188). Furthermore, the tolerogenic environment is also 

mediated by the increase in regulatory T-cells (TREG), which is stimulated by oestrogen 

(187). To further maintain this tolerance, anti-inflammatory cytokines such as IL-10 and 

TGFβ are secreted, which stimulates further maturation of TREG and anti-inflammatory 

decidual macrophages of M2 phenotype (185). Decidual macrophages are also involved 

in foetal growth through secretion of angiogenic factors and matrix metalloproteases, 

as well as removing apoptotic trophoblast cells which would cause pro-inflammatory 

immune cell activation (185). 

 

1.6.3 Inflammatory signals required for parturition 

At the end of the pregnancy, a pro-inflammatory environment associated with 

parturition is induced. The main cell types involved in such process are neutrophils and 

macrophages. These cells infiltrate the decidua and start secreting matrix 

metalloproteinases, IL-6, TNF and nitric oxide (NOS) (187). Inflammation is also induced 

by the progressive accumulation of damage associated molecular pattern (DAMPs) from 

the foetal membranes which undergo senescence (189). The release of pro-

inflammatory cytokines activates prostaglandin release, which are responsible for cervix 

ripening and labor induction (189). 
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Figure 1.6. Immune events involved in pregnancy. The three main immune events required 

during pregnancy are illustrated. A first pro-inflammatory activation is required for embryo 

implantation and placentation. It is then followed by an anti-inflammatory environment 

sustained throughout all pregnancy in order to establish tolerance for the fetus and allow its 

growth. Finally, a pro-inflammatory environment is required again for parturition. DAMP, 

damage-associated molecular pattern; dNK cell, decidual natural killer cell; DSC, decidual 

stromal cell; IDO, indoleamine 2,3-diogygenase; IL-1Ra, IL-1 receptor antagonist; ILC3, type 3 

innate lymphoid cell; LIF, leukaemia inhibitory factor; NK, natural killer; NO, nitric oxide; PGE, 

prostaglandin; PIBF, progesterone-induced blocking factor ; sTNFR, soluble TNF receptor; TGFβ, 

transforming growth factor β; Teff cell effector T cell; TH17 cell, T helper 17 cell; tolDC, tolerogenic 

dendritic cell; TREG, regulatory T cell; γδT, γδ T cell. Image from (187). 

 

1.7 Balance between “good” inflammation and “bad” inflammation in 

fertility 

Given the involvement of the immune response in pregnancy, whenever there is an 

imbalance of the inflammatory activation it leads to pregnancy complications. For 
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example, certain subsets of uNK cells have been associated with endometriosis (32, 190) 

and a decrease in the number of dNK cells is shown in women with unexplained 

infertility (185). A more cytotoxic phenotype is displayed by dNK cells which have been 

associated with several pregnancy complications such as pre-eclampsia, recurrent 

spontaneous abortion and recurrent implantation failure (34). There are fewer TREG cells 

and they are also shown to be less functional in women with pre-eclampsia (186). An 

excessive inflammation activation, especially at an earlier timepoint, is associated with 

pre-term birth (189).  

At the same time, the maternal immune system must be active against possible 

pathogens that can cause infections. Indeed infections during pregnancy can cause 

miscarriage and still birth, thus it is fundamental for the maternal immune system to be 

active against infection (191). 

It is then important for each immune mediator involved in pregnancy process to be 

activated and inactivated in the right amount and time, making it obvious that there is 

a delicate balance between positive actions exerted by the immune mediators, but this 

can turn to be a negative action, if they act in an unbalanced manner.   

 

1.8 Roles of IL-17s in female fertility and in pregnancy complications 

A role for IL-17 cytokines in female fertility has not been recognised yet, even though 

this dichotomy between beneficial and pathogenic roles is indicated. As for other 

mucosal sites, IL-17s are expressed in the female reproductive tract (FRT) to clear 

infections from pathogenic insults such as Chlamydia and Candida (192, 193). In the FRT 

IL-17s seem also to have additional roles  beyond their classical pro-inflammatory 

mucosal immunity. In the very early stages of pregnancy establishment, IL-17A and IL-

25 are required for trophoblast implantation and decidual cell proliferation (194, 195). 

Furthermore, IL-17A mRNA was shown to be expressed in the Choriocarcinoma cell line 

JEG-3, where it increases progesterone secretion (196) and it is also increased during 

the third trimester in women, suggesting that this cytokine might play a role throughout 

pregnancy and in labour (197). Indeed, it has been found a decrease in circulating levels 
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of IL-17A in women 24 hours after they had a spontaneous abortion during their first 

trimester, whereas in healthy pregnant women the IL-17A levels were found to be 

higher (198). Similarly, some studies have divided endometrialTH17 cells into different 

subsets depending on their secretion of IL-4 and IL-22 in addition to IL-17A, which are 

named TH17/TH2, TH17/TH0 and TH17/TH1 (199, 200). TH17/TH2 and TH17/TH0 subsets of  

are beneficial for pregnancy establishment, as they are required for trophoblast 

implantation due to their production of IL-4 (199, 200). Conversely, TH17/TH1 cells, 

which secrete IL-22 but not IL-4, correlate with unexplained recurrent abortion (199, 

200). 

Alongside these beneficial roles, IL-17s have also been linked to pathogenic processes 

found in several female fertility and pregnancy-related complications, which are 

summarised in Table 1.2 and Table 1.3. For better understanding of the role of IL-17s in 

each pathology, they will be briefly summarised for each complication. 

1.8.1. Fertility complications 

Endometriosis: this is a complex disease characterised by retrograde invasion of 

endometriotic stromal cells in the peritoneal cavity, which is unfortunately commonly 

found in 10% of reproductive age women (201). These cells are under oestrogen 

influence and are characterised by chronic inflammatory processes (201). The dogma 

regarding the aetiologic factor leading to endometriosis is retrograde menstruation, 

where during menstruation endometrial cells reach the peritoneum through the 

fallopian tubes. However studies have now confirmed that retrograde menstruation is 

a common process which occurs in 76-90% of women, even in those not presenting 

endometriosis (202). It is now well established that multiple processes contribute to this 

disease, such as genetic mutations and inflammation (201). Indeed it can be observed 

an increased inflammation and immune cell activation in women affected by 

endometriosis (202). Women who display endometriosis often experience infertility, 

which is mainly caused by the hyperactivation of the inflammatory  responses 

associated with this pathology (201). IL-17A has an active role in endometriosis  

progression by inducing proliferation in endometriotic stromal cells (203).  



47 
 

Furthermore, IL-17A induces endometriotic stromal cells to secrete pro-inflammatory  

cytokines (IL-6, G-CSF and IL-1β) and chemokines (IL-8) as well as inducing blood vessel 

formation through induction of angiogenic factors (V-EGF), thus helping the 

endometriotic lesions in proliferation and growth (204). IL-17F also has been associated 

with an increased inflammatory signature in endometriosis with induction of IL-8 and 

COX2 (205). In the case of endometriosis, IL-25 seems to also contribute to the 

pathogenesis, since its levels are found to be upregulated in endometriotic lesions (206). 

Polycystic Ovary Syndrome: this is an endocrine-metabolic syndrome which is caused 

by inheritable genetic mutations and is characterised by distinct hormonal 

abnormalities (207). This pathology is also linked to other metabolic dysfunctions such 

as obesity and diabetes (207). IL-17A and IL-17F are found to be increased in the 

circulation of women affected by PCOS, whereas IL-25 is significantly decreased and 

shows a positive correlation with IL-17A increase (208, 209). In an Iranian cohort it was 

also identified a significant correlation with the prevalence of the GG allele in the IL-17A 

SNP rs2275913 in PCOS affected women (210). 

Unexplained Infertility: unexplained infertility is diagnosed when there is failure to 

conceive after 12 months of attempts with unprotected intercourse and excluding any 

medical conditions that may cause infertility in both the partners (211). The most 

common causes of unexplained infertility is undiagnosed endometriosis and uterine 

abnormalities (211). Unexplained infertility is closely associated with defects in 

endometrial receptivity, therefore embryo implantation is the step that is mostly 

affected by this condition. The endometrium becomes receptive in the mid-luteal phase 

(around day 19-23), where the high progesterone levels induce stromal cell 

decidualisation as well as modulate the maternal immune system to prepare for embryo 

implantation (188). Studies performed on women with unexplained infertility have 

identified significant increase in IL-17A in blood samples collected during the mid-luteal 

phase (212, 213). IL-17A is also found to be increased in cervical mucus and in 

endometrial biopsies of women diagnosed with UI, suggesting that IL-17A has a negative 

impact on pregnancy outcome (213).  
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IL-17s Disease Finding Reference 

IL-17A 

Endometriosis 

IL-17A induces IL-8 and COX-2 and has 

proliferative effects in endometriotic 

stromal cells 

(203) 

IL-17A creates pro-inflammatory 

environment and V-EGF leading to 

endometriosis 

(204) 

PCOS 

Circulating IL-17A levels are increased in 

PCOS patients 

(208, 209) 

G allele and GG genotype of rs2275913 

SNP in IL-17A is higher in PCOS 

(210) 

Unexplained 

infertility 

Increased systemic and local IL-17A and 

increased pathway activation in UI 

(212-214) 

IL-25 

Endometriosis 
Increased IL-25 levels in the peritoneum 

from patients with endometriosis 

(206) 

PCOS 

Decreased circulating levels of IL-25 in 

PCOS patients which negatively correlates 

with IL-17A 

(209) 

IL-17F 

Endometriosis 
IL-8 and COX2 increase leading to pro-

inflammatory environment 

(205) 

PCOS 
Circulating IL-17F levels are increased in 

PCOS patients 

(209) 

Table 1.2. Roles of IL-17s in fertility complications. Unexplained infertility, UI; Polycystic Ovary 

Syndrome, PCOS. 

1.8.2. Pregnancy-related complications 

Pregnancy loss: Under this category fall all the complications leading to pregnancy 

interruption before 20 weeks gestation and that does not involve an external 

intervention (215). These complications are sometimes referred using multiple names 

such as (spontaneous) miscarriage or spontaneous abortion and, in case the pregnancy 

loss repeats for more than three times, it is referred as recurrent spontaneous abortion, 

recurrent miscarriage or recurrent spontaneous miscarriage (215). The causes leading 
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to pregnancy loss are multiple, and the principal ones are chromosomal abnormalities, 

uterine abnormalities or maternal infections, among others (215). Several reports have 

highlighted how, throughout all pregnancy stages, the maternal immune response plays 

an important role for the correct foetus growth (185, 186). In the context of pregnancy 

loss, TH17 cells and the consequent IL-17A protein are found to be increased, thus 

pointing out to an unbalanced pro-inflammatory signature that is not compatible for 

maintenance of a healthy gestation (216-219). Some studies, performed in Egyptian and 

Iranian women, have highlighter some single nucleotide polymorphisms (SNPs) in IL-17A 

and IL-17F genes that are associated with recurrent pregnancy loss, even though those 

two studies have found conflicting results regarding IL-17F SNPs, where one study has 

found it to be positively associated with RLP, whereas the other study says that it is 

linked to decreased risk or RPL  (220, 221). IL-25, on the other hand, seems to have a 

protective role against pregnancy losses. Indeed this cytokine is found to be reduced in 

women with recurrent miscarriage and, treatment with 1,25 vitamin D3, increases IL-25 

which in turn is able to reduce TH17 frequency as well as the IL-17A protein produced in 

women with unexplained recurrent spontaneous abortion (222, 223).  

Pre-eclampsia: this condition is identifiable after 20-weeks of gestation and is 

characterised by hypertension in the placenta which often leads to multi-organ 

dysfunction in the mother (224). Among the causes leading to pre-eclampsia can be 

found increased maternal age, maternal comorbidities, and defective placentation, 

which results in incorrect spiral artery transformation and leads to hypoxia and ischemia 

(224). Several reports have identified increased levels of IL-17A being associated with 

pre-eclampsia due to its pro-inflammatory signature and neutrophils chemoattraction 

(225-227). Furthermore, studies blocking IL-17A signalling, either with siRNA or with 

neutralising antibodies, have been shown to ameliorate the symptoms (228, 229). 

However, a study conducted in rat who were given rIL-17A during pregnancy, has 

highlighted how this induced significant increase in the mean arterial pressure leading 

to placental hypertension, but was not sufficient per se in causing PE (230). IL-25 again 

seems to have a protective role with its anti-inflammatory function. In normal 

pregnancies IL-25 levels increase during the third trimester, but in pre-eclampsia it can 

be noticed a significant decrease in IL-25 (231). The decrease in IL-25 is associated with 
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a decrease in anti-inflammatory M2 macrophages (232). It seems that in pre-eclampsia 

there are some epigenetic mechanisms regulating IL-17s expression, since were 

identified IL-17F, IL-25 and IL-17A genes being hypomethylated in omental arteries 

(227). Hypomethylation in Jurkat cells resulted in increased IL-25 and IL-17F expression 

but failed to modulate IL-17A secretion (227). 

Recurrent Implantation Failure: this term refers to the cases when there are at least 

three failed cycles of in vitro fertilisation-embryo transfer (IVF-ET) with a good quality 

embryo (233).  Also in this case the causes leading to RIF are multiple and complexes 

and comprise maternal age, genetic factors as well as immunological factors (233). 

Again, in this complication the levels of IL-17A are found increased, leading to a pro-

inflammatory signature (234). 

Pre-term labour: pre-term labour is defined when delivery happens before 37 weeks of 

gestation  (235). Among the risk factors for this conditions can be found vaginal and 

intrauterine infections, sexually transmitted infections, uterine abnormalities and 

shortened cervix (235). In the context of chorioamnionitis, a disease closely associated 

with preterm labour, IL-17A levels are increased and correlate with increased IL-8 levels, 

thus pointing out a possible involvement of IL-17A in neutrophil enrichment, which is a 

characteristic of this pathology (236).  

IL-17s Disease Finding Reference 

IL-17A 
Pregnancy 

loss 

Increased TH17 and less TREG in women with 

RPL 

(216-218) 

Increased IL-17A+ cells in decidua and 

increased neutrophils in abortion cases 

(219) 

 

Less IL-17A+ cells in menstrual blood in women 

with URSA 

(237) 

 

Progesterone reduces IL-17A production, 

which is associated with recurrent 

spontaneous miscarriage 

(238, 239) 

IL-17A SNP rs2275913 is associated with 

increased risk of RPL 

(221) 
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Decreased circulating IL-17A levels in women 

after spontaneous abortion if compared to 

healthy pregnancies 

(198) 

TH17/ TH 2/IL-22+ and TH 17/ TH 0/IL-22+ cells 

producing IL-4 are needed for implantation, 

whereas expansion of TH17/ TH1 /IL-22+ cells, 

which lack of IL-4, leads to URSA 

(199, 200) 

PE 

Increased IL-17A leads to PE (225, 226) 

Blocking IL-17A signalling prevents PE (228, 229) 

Metabolic syndrome induces inflammation 

leading to increased IL-17A and PE 

(238) 

 

IL-17A supplementation alone during gestation 

causes placental hypertension but not PE 

(230) 

 

IL-17A is hypomethylated in PE and IL-17A 

treatment induces neutrophil chemotactic 

molecules expression 

(227) 

 

RIF 
Increased IL-17A and TH17 in RIF patients with 

metabolic syndrome 

(234) 

Preterm 

Labour 

Increased IL-17A in Chorioamnionitis, leading 

to TNF-α-mediated inflammation 

(236) 

 

Endometritis 

Shift towards pro-inflammatory cytokine 

milieu caused by IL-17A, increased in 

endometritis 

(239) 

IL-17C Stress 

IL-17C found among immune markers for 

maternal stress however, is not associated 

with stress 

(240) 

IL-25 
Pregnancy 

loss 

Reduced IL-25 expression in recurrent 

miscarriage 

(222) 

1,25VitD3 increased IL-25 expressions and 

reduced IL-17A expression in URSA 

(223) 
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PE 

IL-25 supplementation ameliorates pre-

eclampsia in Rats via M2 macrophages 

maturation 

(232) 

IL-25 is hypomethylated in PE, which increases 

its expression 

(227) 

IL-25 increases in third trimester, but not in PE 

where it decreases, preventing embryo 

proliferation and invasion 

(231) 

IL-17F 

Pregnancy 

loss 

IL-17F SNP rs763780 shows significantly 

different allele frequencies in women with RPL 

(220) 

SNP rs763780 found to be associated with 

decreased risk of RPL in another cohort 

(221) 

PE 
IL-17F is hypomethylated in PE, which 

increases its expression 

(227) 

Table 1.3. Roles of IL-17s in pregnancy-related complications. Unexplained infertility, UI; 

Recurrent Pregnancy Loss, RPL; Unexplained Recurrent Spontaneous Abortion, URSA; Pre-

eclampsia, PE; Recurrent Implantation Failure, RIF; Polycystic Ovary Syndrome, PCOS. 

 

1.9 Anti IL-17A therapies for female fertility  

More insights regarding the use of anti-IL-17A antibodies during pregnancy are now 

appearing to be released, especially in studies where women affected by psoriasis, 

psoriatic arthritis and ankylosing spondylitis continue their medication throughout 

pregnancy. The current recommendations for treatment of those pathologies around 

pregnancy are to discontinue the therapy until breastfeeding (241) and, in all the studies 

mentioned, all the participants have discontinued their therapy before the third 

trimester. Both secukinumab and ustekinumab have been shown to cross the placenta 

and can be found in the offspring circulation, but there is no evidence of teratogenesis 

or increased risk of pregnancy complications (242-244). Also ixekizumab should be able 

to cross the placenta, as shown in preclinical studies performed in cynomolgus monkeys 

(245), however it is shown to be not harmful to the foetus or the mother (246). Some 
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studies conducted in rat models of pre-eclampsia have used recombinant IL-17RC 

infusion at day 14 of pregnancy to block IL-17A signalling and resulted in improvement 

of  hypertension, oxidative stress and less cytolytic NK cells (247, 248).  

 

1.10 The microbiome in female reproductive tract 

Despite being thought of being a sterile compartment for a very long period, the female 

reproductive tract is now known to be colonised by commensal bacterial species 

forming a local microbiome. Since the female reproductive tract is characterised by 

different compartments with different functions and physical structures, the 

microbiome found in those compartments is also extremely variable.  

1.10.1. Vaginal microbiota  

The vaginal microbiota has been extensively studied, given it was believed to be the only 

non-sterile compartment of the FRT due to its connection with the outer world. The 

predominant genus found in healthy women is dominated by the Firmicutes 

Lactobacillus spp. (249, 250), with four main distinct microbiota community types 

dominated by different species: L. iners, L. crispatus, L. gasseri and L. jenesii (249). 

Another microbiota community type was also identified with a predominant abundance 

of anaerobic organisms,  such as Prevotella,  Gardnerella, Aerococcus, Dialister,  

Atopobium, Megasphaera, Peptoniphilus, Sneathia, Finegoldia, and Mobiluncus (249). 

In this fifth group, Lactobacillus iners and L. crispatus can still be detected, but they do 

not represent the most abundant species (249).  

Studies performed on microbial composition through menstrual cycle had identified 

changes in the vaginal microbiome, with increased Garnerella spp. and decrease of 

Lactobacillus spp. at menses (251, 252). Steroid hormones have been found to modulate 

microbial species composition. Oestrogen stimulates vaginal epithelium production of 

glycogen, which fuels Lactobacilli, leading to increased lactobacilli composition in the 

middle of the menstrual cycle when oestrogen peaks (253).  
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1.10.2 Uterine microbiota  

The composition of the upper FRT microbiota displays a lower consensus among 

research groups. Firstly, the microbiome in the endometrium has only recently been 

investigated, due to the old belief that this was a sterile compartment. It is estimated 

that the bacterial load in the endometrium is much lower than the one found in the 

vagina, with approximately 100-10000 times lower biomass (250, 254). Studies focusing 

on the microbiome present in the endometrium show discrepancies in the phyla 

identified. There are some reports in which even the endometrial microbiome was 

found to be dominated solely by Lactobacillus spp. (254-256), other reports, on the 

other hand, have reported a different microbial composition with an higher abundance 

of non-lactobacilli genus (250, 257, 258). These reports display different genera being 

highly abundant in the endometrium, with Flavobacterium in one study (257) and 

Pseudomonas, Acinetobacter, Vagococcus, Sphingobium in the other study (250). Thus, 

a eubiotic endometrial microbiome has not been identified yet, due to differences in 

the microbiome composition found in different studies (259). The possible reasons for 

these discrepancies could be ethnicity as well as different dietary habits of the 

participants and sample collection, all factors that are known to contribute to modulate 

the microbiome (260, 261). There have been also other reports in which no microbiome 

was identified in the maternal side of the placenta by sampling trough caesarean section 

(262, 263), thus suggesting that the endometrium could not be colonised by a 

microbiome.  

Another debate regards the modulation of the endometrial microbiome through 

menstrual cycle. Some studies revealed changes in the microbial species colonising the 

endometrium between the proliferatory and the mid-secretory phases, with increase in 

Propionibacterium acnes and decrease in Sphingobium app. and Gardnerella vaginalis 

(Figure 1.7) (250, 258). Other reports show that the microbiome does not change 

through menstrual cycle (255, 256). It is possible that steroid hormones impact on 

endometrial microbiome. In a pilot study performed on a cohort of women subjected 

to controlled ovarian stimulation and progesterone supplementation was reported a 

decrease in Lactobacilli and an increase in Prevotella and Aptobium abundance, as well 

as increased in bacterial biodiversity (264).    
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Figure 1.7. Changes in endometrial immune cells and in the microbiota induced by the 

menstrual cycle. During the menstrual cycle the sex hormones drive changes in the 

endometrium, immune cells and microbiota. The microbiota composition seems stable during 

the cycle, with changes in abundance between Sphingobium spp. and Propionibacterium 

between the proliferative and the secretory phase. The secretory phase seems to be 

characterised by an increased microbial proliferation. The immune cells change greatly during 

the menstrual cycle. T-cells are the most abundant cell type during the proliferative phase, but 

their percentage decreases greatly in the secretory phase, where they can be found mainly in 

lymphoid aggregates, together with B-cells. It has been reported absence of neutrophils during 

the ovulatory phase, probably to avoid semen degradation. NK cells percentages are significantly 

increased during the secretory phase, where they have been associated with spiral arteries 

formation and decidualisation. +/- represents the relative abundance of microorganisms. Figure 

adapted from (4).    

 

1.11 Changes in the microbiota during pregnancy 

Similar to the local immune milieu and the physical epithelial/stromal tissue structures, 

the microbiome is also modified during pregnancy.  
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The vaginal microbiome evolves by converting to a lower diversity microbiome, 

dominated by a single Lactobacillus specie. Indeed, studies have shown how, even 

women showing the anaerobic-dominated microbiome, during pregnancy they convert 

it into a Lactobacillus-dominant (265-267). 

Little is known about changes in endometrial microbiome during pregnancy, some 

microbial species have been identified in maternal-foetal compartments and amniotic 

fluid and colonising the placenta(268).The placental microbiome described in these 

studies is characterised by prevalence of Proteobacteria, Actinobacteria, Firmicutes, 

Bacteroidetes, Tenericutes, and Fusobacteria phyla, which are more similar to the oral 

microbiome, rather than to the endometrial or vaginal one (269). Indeed it have been 

proposed three different exposure routes for the foetus to microbial species: ascension 

from the vagina, haematogenous from the oral cavity and the third route is linked to the 

gut microbiome (268). The exposure of the foetus to maternal microbiome seem to play 

important roles in ensuring correct development as well as inducing tolerance for 

commensal bacterial species, improving post-natal development as well (270).   

Other studies have reported on the other hand that the placenta does not contain a 

microbiome, considering that when they performed their analysis they could only 

identify species used as a positive control in the sample, but not other bacteria (262, 

263). One study identified Streptococcus agalactiae as a pathogen present in the 

maternal side of the placenta which is associated to fatal sepsis if it reaches the foetus 

(262).  

 

1.12 The impact of microbiome in fertility  

The processes involved in female fertility and reproduction are extremely complex and 

involve a crosstalk between the specialised endometrium/stromal compartment and 

the surrounding environment, including the microbiome.  

In the lower reproductive tract, Lactobacilli have been shown to play important roles in 

maintaining eubiosis by producing lactic acid and bacteriocins, which can prevent 

pathogens infection by lowering the pH (271) and by direct killing (272), respectively. 
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Furthermore, Lactobacilli are involved in promoting tolerance against commensal 

bacterial by stimulating a weak pro-inflammatory response (273). When the optimal 

microbiome composition is altered, such as in the case of bacterial vaginosis, the 

lactobacilli dominance is lost and anaerobic opportunistic species, such as Gardnerella, 

Prevotella, Mobiluncus and Megasphera increase their expression and induce a pro-

inflammatory environment through secretion of short chain fatty acid (SCFA) (273). 

Vaginal dysbiosis, associated with lower abundance of Lactobacilli and an higher 

diversity in microbial species abundance has been associated with fertility complications 

such as infertility (274), higher miscarriage rates (275), higher risk or preterm birth (266) 

and poor reproductive outcomes (276). There are some studies suggesting that 

Lactobacillus dominance in the vaginal microbiome can be used as a positive prediction 

factor for successful IVF treatment (277), however not all studies agree in a positive 

correlation between vaginal microbiome and IVF outcome (278).   

Regarding the upper FRT, since there is not yet a consensus on the composition of the 

healthy microbiome, is still uncertain what are the roles of endometrial microbiome and 

fertility. A distinct microbiome has also been identified to be associated with the 

pathology of endometriosis, with increased levels of Proteobacteria, 

Enterobacteriaceae, Streptococcus, and E. coli (250, 256). Is possible that this dysbiosis 

is causing the pro-inflammatory environment that is associated with endometriosis or 

vice versa (256). Similar to the vaginal microbiome, the loss of Lactobacilli predominance 

has been reported to negatively impact in implantation and pregnancy rates (255, 257). 

In these studies, Gardnerella and Streptococcus abundance seems to negatively impact 

on pregnancy establishment and live birth rate (255, 279). Conversely, a study showed 

that women presenting dysbiotic endometrium with 0% Lactobacillus content had 

pregnancy rates comparable to women showing the eubiotic lactobacillus- dominated 

endometrium (280). The authors of this study commented this result by suggesting that 

maybe the presence of a particular specie or set of species might have a bigger impact 

in pregnancy outcomes, rather than looking at a discriminatory Lactobacillus versus 

non-Lactobacillus microbiome at the genus level (280). 
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Figure 1.8. Functions of FRT epithelial cells in fighting infections. Epithelial cells located within 
the FRT mucosa possess 
multiple functions to 
prevent and clear 
infections from 
pathogenic bacteria 
(red). Among these 
there is barrier function, 
played through mucus 
secretion and by cell-cell 
adhesion through tight 
junctions to prevent 
microbial species 
invasion. Epithelial cells 
also can sense and bind 
PAMPs through 
dedicated receptors 
PRRs. Endometrial 
epithelial cells also 
showed the ability to 
present microbial 
derived antigens to T-
cells via MHC type I and 
MHC type II interaction 
with the T-cell TCR. 
Lastly, epithelial cells of 
the FRT respond to 
bacterial infection by 
secreting AMPs, whose 

action is microbicidal, and cytokines and chemokines to attract and activate immune cells 
involved in infection clearance. AMPs: antimicrobial peptides; MHC: major histocompatibility 
complex; PAMPs: pathogens associated molecular patterns; PRRs: pattern recognition 
receptors; TCR: T-cell receptor. 

 

1.13 Epithelial cells: roles in defence and as mediators of microbiome and 

host interaction 

In mucosal sites the epithelial cell compartment plays an important role in order to 

prevent and fight infections. Epithelial cells have been shown to be the first line of 

defence against microbial invasion by acting as a barrier which is not penetrable by 

pathogens. Alongside this “passive” function, epithelial cells are also shown to play 

active roles in fighting infections through sensing foreign and pathogenic microbes with 

pattern recognition receptors (PRRs) and by secreting antimicrobial peptides (AMPs), 

cytokines and chemokines (7) (Figure 1.8). The epithelial compartment in the FRT has 



59 
 

evolved even more specialised features in order to optimise the processes involved in 

fertilisation, implantation and placentation, while remaining active against pathogen 

infections. 

1.13.1 Barrier function 

The mucosal epithelial layer of cells must act as a barrier to prevent microbial species 

invasion and this has been reported to happen in the FRT, despite with some differences 

between the upper and lower tract (281). These differences are partially explained by 

the different organisation of the epithelial cells in the FRT, with a stratified squamous 

epithelium present in the lower FRT and a single-layered columnar epithelium in the 

endometrium. It has been reported that in the lower FRT tight junctions are only located 

in the basal cells, resulting in a lesser compact outer layer (281). In the endometrium, 

conversely, the epithelium is formed by polarised columnar cells which are closely linked 

with tight junctions (281). Under oestrogen influence, the junctions relax due to the 

increased expression of claudin and occludin, allowing the trophoblast for an easier 

invasion during implantation (282). Another protective function mediated by epithelial 

cells is the production of mucus, which is used to block pathogens and prevent their 

interaction with the epithelial layer (7). Sex hormones have been shown to modify the 

thickness and content of mucus in order to accommodate the changes needed for 

sustaining pregnancy and to prevent infection of the upper FRT with bacterial species 

derived from the lower FRT (283).  

1.13.2 Pattern Recognition Receptor expression  

All nucleated cells can recognise foreign molecules through pattern recognition 

receptors (PRRs) which are able to bind a broad spectrum of molecules displayed by 

pathogens known as pathogen-associated molecular patterns (PAMPs) (284). Cells in 

the FRT express Toll-like receptors (TLRs) and have been shown to be able to recognise 

a wide variety of bacterial, viral and fungal PAMPs (285, 286). Cells belonging to the 

lower FRT have been described to express TLR3, TLR1, TLR2 and TLR6, responsible for 

the recognition of double stranded DNA-viruses (TLR3) and lipopeptides expressed in 

bacterial and fungal cell walls (TLR1-TLR2 or TLR2-TLR6 complexes) (287). Cultured 

primary human epithelial cells from the endometrium have been shown to express TLRs 
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1-9 as well as MD-2, thus showing ability to recognise even bacterial lipopolysaccharide 

(bound by TLR4-MD2), flagellin (TLR5), viruses showing genome organised in single 

stranded RNA (TLR7 and TLR8) and pathogens whose DNA presents unmethylated CpG 

such as some bacteria and herpesviruses (TLR9) (288). However, when stimulated in 

vitro those cells were only shown to be responsive to TLR3 activation with poly(I:C), 

resulting in an increased expression and secretion of cytokines, IFN-β and chemokines 

(288). With regards to LPS stimulation, endometrial epithelial cells have been shown to 

be responsive to LPS only when the soluble co-receptor CD14 is added to the stimulation 

(289). Another family of PRRs show a peculiar nucleotide binding oligomerisation 

domain (NOD), thus are named NOD-like receptors (NLRs) and these receptors are able 

to recognise molecules deriving from the degradation of bacterial peptidoglycans and 

activate the inflammasome machinery. NOD1 and NOD2 have been identified in the 

endometrium and, despite NOD1 is constitutively expressed, NOD2 is increased during 

the late secretory phase (290). Stimulation of primary endometrial epithelial cells with 

a NOD2 ligand led to increased cytokine mRNA expression (290). Another class of NLRs 

includes molecules containing a Pyrin domain and are thus named NLRP (Nucleotide-

binding oligomerization domain, Leucine rich Repeat and Pyrin domain containing). 

NLRP3 expression has been identified in the endometrium and its expression, as well as 

inflammasome activation, is increased during menstruation (291) but also during 

fertility complications (292, 293). Furthermore, NLRP3 expression has been shown to be 

under estradiol influence (293), leading to a switch from its expression mainly found in 

the epithelium in secretory phase towards expression in the stromal decidua 

compartment in late-secretory and menstruation (291). A third class of PRRs comprises 

molecules able to detect intracellular viruses by sensing intracellular RNAs and are 

named RIG-I (Retinoic acid-Inducible Gene I)-like receptors or RLRs. The two receptors 

belonging to this class, RIG-I and MDA5 (Melanoma differentiation associated gene 5), 

are expressed with low levels in endometrial epithelial cells (294) and in a bovine model 

of infection they have been shown to respond by increasing type-1 IFN transcription 

(295). For intracellular DNA instead another pathway is activated by binding of the DNA 

to the cyclic GMP-AMP synthase (cGAS) which leads to activation of STING (STimulator 

of INterferon Genes) and production of interferons. STING is poorly localised in the 

endometrial epithelial cell compartment, is mostly localised in the stromal 
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compartment and is greatly enhanced in endometriosis and adenomyosis patients 

(296). According to the human protein atlas, cGAS shows a medium staining score in FRT 

in both epithelial and stromal cell compartments, thus cells are ready to respond to 

foreign DNA found in the cytoplasm, even though functional studies are still missing.  

1.13.3 Antigen presentation  

Along with professional APCs, all nucleated cells in the body can present antigens to 

CD8+ T-cells using MHC class I molecules. Studies using animal models have highlighted 

how uterine epithelial cells can present antigens to T-cells and that oestradiol enhances 

antigen presentation concomitantly to the overall immunosuppressive environment 

found in late proliferative phase (285). Furthermore, it has been noted how endometrial 

epithelial cells express MHC class II and, like for professional APC, this can lead to direct 

CD4+ T-cell activation and is even more upregulated by IFN-γ treatment (297, 298). It 

was described that during oestradiol peak epithelial cells produce TGF-β in the 

basolateral layer, thus resulting in the inhibition of antigen presentation by professional 

APCs (11, 299). 

1.13.4 Antimicrobial peptides (AMPs) secretion 

Several classes of AMPs have been shown to be secreted by epithelial cells in both the 

upper and lower FRT: defensins, S100-family proteins, whey acid proteins, cathelicidins 

(145). These molecules are secreted in the mucus to scavenge any pathogen that might 

get trapped, but they can also be actively produced upon infection and are shown to be 

modulated by sex hormones as well, with different AMPs secreted at different stages of 

the menstrual cycle (145). AMPs are particularly upregulated in the endometrium during 

the secretory phase, which coincide with an overall decreased responsiveness of 

immune cells, thus is possible that in this phase the immunosurveillance is mainly played 

by AMPs (145). AMPs levels are tightly regulated also during pregnancy and labour, to 

protect both the foetal and the maternal tissues from infections (145). AMPs belong to 

many classes and each of them show many functions beyond just killing of microbes. 

They have been shown to modulate and enhance the immune response by recruiting 

and activating immune cells in the site of infection (300), as well as mediating bacterial 

phagocytosis through opsonisation (301). AMPs show also anti-inflammatory and 



62 
 

homeostatic functions. SLPI, whose expression peaks during the secretory phase and it 

is known to promote epithelial cell proliferation and protect them from the pro-

inflammatory activity of immune-derived proteases (302).  

1.13.5 Cytokine and chemokine secretion 

Epithelial cells from the FRT have been shown to mediate microbicidal functions by 

secreting cytokines and chemokines to attract and activate immune cells (285). In 

endometrial epithelial cells has been identified the production of several chemokines 

(IL-8, MCP-1, MIP-1β) and cytokines (TNFα, IL-6, GM-CSF) which are released in the 

uterine lumen (285). Oestrogen has an anti-inflammatory action on endometrial 

epithelial cells by dampening both the constitutive and the stimulated production of  

cytokines and chemokines (303). Studies using co-culture of endometrial epithelial and 

stromal cells have shown that epithelial cells cultured alone secrete TNFα towards the 

lumen and TGFβ towards the basolateral layer and that in co-culture with stromal cells 

or in the presence of stromal cells conditioned media, TNFα release by epithelial cells is 

decreased (304).  Human epithelial cells in the FRT have been shown to produce IFN-ε, 

which is not expressed in any other organs and it is shown to follow a cyclical variation 

under direct progesterone influence, thus suggesting that a potential important 

function might be played by this protein in the FRT (305). Endometrial epithelial cells 

have been found to produce increased levels of IFN-β upon viral stimulation and this is 

not influenced by oestrogen (306) thus, despite dampening of most cytokines and 

chemokines is observed in the proliferative phase, the surveillance to viral infection 

remains high throughout all the menstrual cycle phases. In the lower FRT has also been 

found secretion of immunomodulating molecules, however the concentration and the 

molecules identified vary according to the method for sample collection (303). Cervico-

vaginal lavages (CVL) demonstrated the presence of IL-6 and IL-8 and MIP-1β (303). 

Studies using primary vaginal cells showed that they are particularly responsive to viral 

stimulation, similarly to the endometrial counterparts (303). Using vaginal epithelial cell 

lines it was demonstrated that oestrogen dampens greatly the production of IL-1α and 

TNFα, thus showing an overall anti-inflammatory environment which can tolerate sperm 

entry and facilitate its mobility for fertilisation (7). CCL20 is another chemokine which 

was recently shown to be secreted by uterine epithelial cells that creates a gradient of 



63 
 

attraction for chemotaxis of capacitated sperm in the endometrium, where fertilisation 

occurs (307). 

 

1.14 Overall Rationale and Aims 

It is now clear that the immune response is fundamental for female fertility processes, 

as well as the microbiome. However, the interaction between maternal immunity and 

pregnancy, especially during the implantation step, which is the most crucial for 

pregnancy establishment, is not completely understood yet. The same can be said 

regarding the local microbiome. It is not known yet the exact composition of a healthy 

endometrial microbiome and much less is known about its roles in modulating female 

fertility during the implantation steps. It is also clear that the endometrial epithelial 

cells, due to their barrier activity and location, are able to crosstalk with both the 

immune system and the microbiome, giving them the ability to orchestrate the 

inflammatory response which can also impact on female fertility. Not much is known 

about IL-17s role in fertility, despite the literature confirms a possible role for these 

cytokines in mediating embryo implantation processes. Our group has recently 

identified increased levels of IL-17A in women with unexplained infertility undergoing 

ART with unsuccessful outcome. We therefore hypothesized that IL-17A might cause an 

excessive pro-inflammatory activity which impacts in female fertility by preventing 

embryo implantation. Furthermore, since IL-17A is secreted in response to bacterial 

infections, we think that in the women displaying higher IL-17A protein there could be 

a different microbiome, which would explain the pro-inflammatory immune activation. 

Given the role of epithelial cells in mediating the interaction with both the immune 

system and the microbiome, this study aims at characterising the innate immune activity 

of epithelial cells to understand the role of IL-17s and the microbiome in female fertility. 

We will address this question by using multiple approaches: 

1) Analyse the evolution of IL-17s in mammalian organisms to clarify their 

involvement in mammalian pregnancy. 
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For answering this question, analysis on the genes codifying for IL-17s will be 

carried out in mammalian clades (prototherian, metatherian and eutherian) to 

assess whether they are conserved and syntenic. Furthermore, multiple 

sequence alignment will be performed on the proteins from mammalian IL-17s 

to infer evolution and analyse structural identity between the mammalian 

clades. Lastly, interrogation of publicly available datasets related to female 

fertility will uncover whether IL-17s expression is upregulated or downregulated.  

 

2) Define whether endometrial epithelial cells can produce IL-17A and explore 

the mechanism of action of this cytokine in female fertility. 

To understand the source for the IL-17A we observed in women undergoing ART 

with unsuccessful pregnancy, we will explore whether it can be produced by 

endometrial epithelial cells. Using two cell models, a tumoral cell line and 

primary human endometrial epithelial cells stimulated with bacterial and viral 

ligands, the expression of IL-17A, RORγt and its immune activator will be 

performed. The autocrine effect that IL-17A stimulation has on endometrial 

epithelial cells will be assessed by treating Ishikawa and human endometrial 

epithelial cells with rIL-17A.  

 

3) Reveal whether women with unexplained infertility undergoing ART show a 

different microbiome correlating with IL-17A and the role that dysbiosis has on 

endometrial epithelial cells.  

The possibility of a different microbiome causing IL-17A increase will be assessed 

through microbiome analysis using 16S sequencing on the endometrial biopsies 

from the cohort of women undergoing ART. The effect that a dysbiosis could 

have on endometrial epithelial cells will be explored by treating tumoral and 

primary human endometrial epithelial cells with microbial derived short chain 

fatty acids. The pathways and the possible epigenetic regulations leading to pro-

inflammatory gene induction will also be analysed.  
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4) Understand the effect that IL-17A and butyrate have on the window of 

implantation. 

Given the dysregulation observed for IL-17A and of a possible dysbiosis in 

impairing embryo implantation, we will use in vitro models for inducing the 

window of implantation in Ishikawa and human endometrial stromal cells with 

and without IL-17A and butyrate, respectively. 
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Chapter 2. Materials and Methods 

 

2.1 Patient recruitment 

 

This study was enabled thanks to the long-lasting collaboration with the National 

Maternity Hospital, Dublin, and the associated Merrion Fertility Clinic, Dublin. The 

National Maternity Hospital is the largest maternity hospital in Ireland, providing 

outstanding healthcare for maternity and gynaecological services. Merrion Fertility 

Clinic is the leading in vitro fertilisation (IVF) clinic in Ireland and carries out best practice 

reproductive medicine, which granted this centre to be accredited as an ESHRE training 

centre.  

2.1.2. Subjects for primary epithelial and stromal cell isolation 

Another model used in this study were primary human endometrial epithelial (hEEC) 

and stromal (hESC). Endometrial biopsies were obtained from laparoscopic surgeries 

performed on women of reproductive age who attended the National Maternity 

Hospital for gynaecological investigations. Ethical approval (see appendix II) was granted 

by the National Maternity Hospital for the collection of eutopic endometrial biopsies. 

Written informed consent (see appendix III) was received from participants prior to 

inclusion in the study.  

These samples were obtained from February 2021 until February 2022, however due to 

SARS-CoV2 pandemic which resulted in several lockdowns, the number of patients 

undergoing fertility investigation and laparoscopic intervention was extremely reduced. 

The endometrial biopsies were obtained using a pipelle de Cornier and placed in 

transport medium: Hanks’ balanced salt solution (HBSS) supplemented with 100U/mL 

Penicillin-Streptomycin, 2.5μg/mL (corresponding to 5% vol/vol) Amphotericin B and 5% 

vol/vol charcoal-stripped Fetal Bovine Serum (FBS). The biopsies where then collected 

from the hospital and primary cells isolated. 
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Patient details N=8 

Age (years) 42.1 (8.2) 

Body Mass Index (kg/m2) 32.3 (6.7) 

Parity (number of live births) 2 (1.5) 

Menstrual cycle length (28 

days) 
Regular: 50% (n=4) Irregular: 50% (n=4) 

Menstrual phase Menstrual: 

12.5% (n=1) 

Proliferative: 

25% (n=2) 

Secretory: 37.5% 

(n=3) 

Menstrual cycle 

complications 
Amenorrhea: 12.5% (n=1) 

Menorrhagia: 

12.5% (n=1) 

Diagnosis of infertility Yes: 50% (n=4) No: 50% (n=4) 

Diagnosis of endometriosis Yes: 12.5% (n=1) No: 87.5% (n=7) 

Table 2.1. General characteristics of the participants from which primary cells were obtained. 

Values are reported as mean with standard deviation in parentheses, except for the menstrual 

cycle, Infertility and endometriosis, which are presented as the percentage of patients who 

presented each anamnesis and the number of participants in parentheses.  

 

2.1.3. Subjects for the 16S-sequencing and immune cell abundance 

estimation 

The samples were obtained by patients recruited in the study at Merrion Fertility Clinic, 

Dublin, Ireland between October 2016 and February 2018, as already reported (214). 

Ethical approval was obtained from the National Maternity Hospital in Dublin in 2016 

and informed consent was obtained from all the study participant prior to sample 

collection.  

The study included women with unexplained infertility (n=30) who underwent assisted 

reproductive technologies (ART) after receiving an endometrial scratch in the menstrual 

cycle before embryo was transferred (Table 2.2). The study participants were asked if 

the scratch samples could be used for research purposes. The samples were then 

retrospectively referred according to the ART outcome, allowing to divide the cohort in 

women who had a successful (n=12) and an unsuccessful (n=18) pregnancy. Inclusion 
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criteria for the study included women with age <38 years, regular menstrual cycles, 

normal semen analysis in the partner and BMI <30 Kg/m2. Furthermore, women who 

have had previously pregnancies or miscarriages or have used steroid hormones within 

3 months or have been diagnosed with endometriosis were excluded from the study.  

The endometrial biopsy was obtained using a pipelle de Cornier at mid-luteal day 

corresponding to the 7th day after luteinizing hormone surge (LH+7), on the menstrual 

cycle before the cycle when the embryo would be transferred. Urinary LH levels were 

assessed twice daily from day 9 of the menstrual cycle. All the study participants 

received a good to top quality embryo transferred on day 5 of the following menstrual 

cycle. The samples were snap frozen and stored at -80°C. 

Patient details 
Successful (n=12) 

Unsuccessful 

(n=18) 

p-value 

Age (years) 34.8 (1.6) 35.6 (1.5) 0.549 

Body Mass Index (kg/m2) 23.6 (3.4) 23.0 (2.2) 0.604 

Menstrual cycle stage (day) 21.6 (3.9) 21.9 (2.3) 0.775 

Serum βhCG positivity 100% (n=12) 27.7% (n=5) N/A 

Gestation lenght (weeks) 39.5 (1.9) N/A N/A 

Miscarriage  8.3% (n=1) 5.5% (n=1) N/A 

Smoking 0% (n=0) 0% (n=0) N/A 

Table 2.2. General characteristics of the study cohort. Values are reported in mean with 

standard deviation in parentheses and the corresponding p-value were calculated using 

unpaired two-sample t-tests. The serum βhCG positivity, miscarriage and smoking data is 

displayed as the percentage of patient relative to the total number with the exact number in 

parentheses. 

 

2.2 Computational Biology techniques 

2.2.1 Databases 

The resources used in this study to retrieve protein and nucleic acid sequences of IL-

17/IL-17R family members were: GenBank and RefSeq databases at the National Centre 
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for Biotechnology Information (NCBI), Ensembl genome browser and the University of 

California Santa Cruz (UCSC) genome browser. 

2.2.2 Identification of IL-17 proteins 

2.2.2.a Search using Genome Browsers for IL-17 proteins 

IL-17 family members protein sequences across several organisms were retrieved from 

the linked gene sequence and cross-referenced with the databases, to collect protein 

IDs in the chosen species (outlined in Table 2.3). A first step of similarity check was 

performed by aligning all proteins against the corresponding human IL-17 family 

member using ClustalW (https://www.genome.jp/tools-bin/clustalw). This allowed us 

to establish, in organisms with poorly annotated proteomes, that the protein in 

question was in fact the most similar to the human one. Sequences were considered for 

further analysis if they showed a percentage identity higher than 20%, which 

corresponds to the upper bound of the "Twilight zone" (308).  

2.2.2.b Reciprocal Best Hits analysis 

Given that the focus of the research was to highlight differences in IL-17s among 

mammalian clades (eutherian, metatherian and prototherian), Reciprocal Best Hits 

analysis was performed to define orthologous (309). Human IL-17 protein sequences 

were used as input for BLASTP (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) 

searches against non-redundant protein sequence databases from Phascolarctos 

cinereus (Koala), Monodelphis domestica (Gray short-tailed Opossum), Vombatus 

ursinus (common Wombat) and Ornithorhynchus anatinus (Platypus) proteomes. The 

highest ranked protein (Best Hit) found in those species were reciprocally used as input 

to repeat the BLASTP search using the same conditions but searching back against 

human proteome. In both cases, the percentage of identity (meaning how much the 

proteins were similar each other) and the statistical expected value showing goodness 

of alignment was annotated. 

 

about:blank
about:blank
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2.2.3 Protein analysis 

2.2.3.a Multiple sequence alignment 

To identify conserved residues and establish phylogenetic evolution among IL-17 

isoforms, all IL-17s sequences from included species were used as input to generate a 

multiple sequence alignment (MSA) using Muscle algorithm within MEGA version X 

(310), using default parameters.  

 

2.2.3.b Philogenetic analysis 

Evolution of IL-17 family members was inferred using the MSA and applying the 

Minimum Evolution Method and with the bootstrapping test set to 5000. Gaps in any 

sequence were completely removed the other aligned sequences and rates among sites 

were considered uniform. Evolution of mammalian species was also tested using a 

Minimum Evolution Method Phylogenetic tree on a concatenated MSA. Briefly, all IL-

17s protein sequences were concatenated to generate a single all-IL17 protein sequence 

for each species that was used as input for the MSA and phylogenetic analysis. 

Furthermore, sequences from M. domestica and O. anatinus were compared with those 

of human to find which amino acid residues were different and their location in the 

protein domains. In the case of B. taurus IL-17C, P. troglodytes IL-17F and O. anatinus 

IL-17B, IL-17F, the deposited protein sequences were much longer than those from 

other species, with extra amino acids upstream of the beginning of the alignment 

consensus. Therefore, the sequences were shortened to start with the first methionine 

as close as possible to the start of the other IL-17s in the alignment. IL-17 proteins from 

N. eugenii were not included as the sequences showed poor quality in the deposited 

databases. 

2.2.3.b Protein modelling  

Homology modelling of IL-17A and IL-17F was performed using the plugin PyMOD 3.0.2 

from the PyMOL visualisation system. The protein sequences from M. domestica and O. 

anatinus were aligned with the PDB entry 4HR9 and 3JVF, corresponding to the human 
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IL-17A and IL-17F crystal structure respectively. For the modelling, PDB entries were 

used as a template building the 3D structure using MODELLER, particularly using the 

template disulfide bonds forming the cystine-knot. Within PyMOD, MODELLER 

generates scores for the modelling session based on the Discrete Optimized Protein 

Energy (DOPE) score and the  GA341 method. The GA341 score uses as parameter the 

percentage sequence identity between the template and the model and is a number 

between 0 and 1 (with a score closer to 1 being diagnostic of a good model). 
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Table 2.3. NCBI or Ensembl IDs relative to IL-17 family members present in chosen organisms. 

2.2.4 Genetic analysis of IL-17 genes between mammals 

2.2.4.a Identification of IL-17 genes 

To identify IL-17 family members across several organisms, we carried out extensive 

searches in the datasets mentioned above. Furthermore, in the case of genes which 

have not yet been annotated, their identity was confirmed by performing BLAT searches 

within the UCSC Genome Browser of gene sequences to identify sequences with 95% or 

greater similarity to the human IL-17 genes in the genomes of other species (311). Due 

to the lack of a completed genome sequencing, Phascolarctos cinereus (Koala) and 

Vombatus ursinus (common Wombat) were excluded from this analysis. 

2.2.4.b Identification of gene conservation using synteny 

To assess the conservation of IL-17 family genes and their neighbouring genes in 

metatherian and prototherian species compared to the human genome, synteny 

between chromosomes was assessed using the most recently released assemblies: 

Monodelphis domestica (Broad/monDom5 Oct. 2006), Notamacropus eugenii 

(Meug_1.0, INSDC Assembly GCA_000004035.1 Dec. 2008), Sarcophilus harrisii (WTSI 

Devil_ref v7.0/sarHar1 Feb. 2011) and Ornithorhynchus anatinus (ASM227v2/ornAna2 

Feb.2007). The synteny tool from Ensembl 

(https://m.ensembl.org/info/genome/compara/analyses.html) was used to make 

pairwise whole genome alignments to identify and visualize where the IL-17 family 

genes were located in chromosomes belonging to both species. This allows 

consideration of the region in detail to identify the genes flanking the gene of interest, 

their orientation and function. To confirm these findings, UCSC genome browser was 

interrogated by searching the region of interest for each IL-17 in each species. Summary 

of IL-17s and neighbouring genes was plotted in BioRender.com. 

 

about:blank
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2.2.5 Transcriptomic analysis and cell population abundance estimation 

2.2.5.a Transcriptomic analysis 

Microarray data or RNA-seq raw data were collected from previously published 

datasets. In particular, datasets were chosen if they were focusing on female fertility 

transcriptomic studies. Unfortunately, the lack of transcriptome studies from 

prototheria, resulted in the exclusion of this clade from fertility dataset analysis, which 

focused on Therian mammals only. The datasets analysed which showed IL-17s among 

the differentially expressed genes comprised human menstrual cycle transcriptome 

(312), human fertility complication transcriptome (unexplained infertility, 

endometriosis and recurrent implantation failure) (214, 313, 314), mouse pregnancy 

and placentation transcriptome studies (315, 316), as well as metatherian 

transcriptome throughout pregnancy (317-320). The full list of datasets analysed, 

including those not included in the results, can be found in Table 2.4. 

Microarray transcriptomic analysis was performed using the GEO2R option from NCBI 

database and normalisation of the data was applied when discrepancies between 

samples were identified. Limma was applied to compute differences between the 

control sample group (samples from non-pregnant or post-pregnant or healthy controls) 

and the test sample group (321). By default, Limma analysis was carried out using 

Benjamini-Hochberg correction for multiple comparisons and accounting for false 

discovery rate. The analysis resulted in a series of tables containing Differentially 

Expressed Genes (DEG) with their relative log2 fold change and log10 adjusted p-value. 

RNA-seq analysis for the H. sapiens unexplained infertility dataset GSE144895 was 

previously performed (214). Other RNA-seq datasets from M. domestica were analysed 

using the web-based workflow platform Galaxy. Raw reads were first subjected to 

quality inspection using FASTQC and trimming/filtering with TrimGalore for working 

with only high scored runs. Read mapping and annotation was carried out against the 

latest genome release Mon.dom5. Reads were mapped using Bowtie2 (322). Feature 

counts were used to annotate the coding genes and generate the normalised count 

matrix for M. domestica (323). N. eugenii RNA-seq normalised counts matrix was 

retrieved directly from GEO dataset. For the metatherian RNA-seq DEG analysis the 
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limma-voom method was applied, filtering out samples with the sum of counts for all 

samples less than 5 (321, 324). The outcome of the analysis was a list of DEG with fold 

change against the control sample, p-value and adjusted p-value.  

The log2 fold changes obtained from Mus musculus (315) and Notamacropus eugenii 

(319) RNA-seq analysis were also plotted throughout pregnancy stages. Due to difficulty 

in obtaining the factor used to calculate the TPM of genes expressed throughout 

pregnancy in Monodelphis domestica (325), the data from (320) are presented as TPM. 

2.2.5.a Immune cell abundance estimation from a bulk RNA-seq dataset 

The above-mentioned bulk RNA-seq from the unexplained infertility dataset GSE144895 

(214) was used to infer immune cell abundance using the web-based platform 

Cybersortx. First, the counts per million matrix from the RNA-seq was uploaded on the 

platform as a “mixture file”. Then, the LM22 signature matrix was selected, containing 

the gene signature from 22 different  cell types based from circulating immune cells. 

The signature matrix was then overlapped with the mixture file and retrieved the 

relative abundance of each immune cell type for each sample. The results were used to 

build an heatmap using ComplexHeatmap package in R and further statistical analysis 

and visualisation was performed on GraphPad Prism v8.0.1. 
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Reference 
Type of 

Dataset 

Raw data 

source 

Type of 

sequencing 

Included/ 

Excluded 

Reason for 

Inclusion/ 

exclusion 

(312) * 
Menstrual 

cycle 
GSE4888 

Microarray 

dataset 
Included 

IL-17s 

between DEG 

(314)  

Recurrent 

Implantation 

Failure (RIF) 

GSE58144 
Microarray 

dataset 
Included 

IL-17s 

between DEG 

(214)  
Unexplained 

infertility (UI) 
GSE144895 

RNA-seq 

dataset 
Included 

IL-17s 

between DEG 

(313) * Endometriosis GSE141549 
Microarray 

dataset 
Included 

IL-17s 

between DEG 

(315) * 
Mouse 

Implantation 
GSE11224 

Microarray 

dataset 
Included 

IL-17s 

between DEG 

(316) * 
Mouse 

pregnancy 
GSE44451 

Microarray 

dataset 
Included 

IL-17s 

between DEG 

(317)  
Opossum 

pregnancy 
PRJNA543903 

RNA-seq 

dataset 
Included 

IL-17s 

between DEG 

(318) * 
Opossum 

pregnancy 
SRP111668 

RNA-seq 

dataset 
Included 

IL-17s 

between DEG 

(320)  
Opossum 

pregnancy 

TPM file in 

Supplementar

y data 7 

RNA-seq 

dataset 
Included 

IL-17s 

between DEG 

(319)  
Wallaby 

Pregnancy 
GSE90838 

RNA-seq 

dataset 
Included 

IL-17s 

between DEG 

(326)  
Menstrual 

cycle 
GSE126581 

Microarray 

dataset 
Excluded 

No IL-17 

probes in 

array 

Sezerman 

U.O., Ulgen E. 

2021 

(unpublished) 

UI/RIF GSE165004 
Microarray 

dataset 
Excluded 

No IL-17s in 

DEG 

 (327) Pre-eclampsia GSE190639 
Microarray 

dataset 
Excluded 

No IL-17s in 

DEG 

(328)  
Rat late 

pregnancy 
GSE12799 

Microarray 

dataset 
Excluded 

No IL-17s in 

DEG 



77 
 

Table 2.4. Public datasets analysed in the study. For each dataset is listed the citation, the type 

of samples analysed, the source where raw data can be found, the type of transcriptomic 

technology applied and if the analysis was included in the results and the reason. *Datasets 

where the IL-17s had an adjusted p-value below 0.05 

 

2.2.6 ChIP-seq analysis 

The ChIP-seq dataset GSE77277, obtained from a previously published study (329), was 

used to identify butyrylation peaks located near the transcription starting sites (TSS) of 

genes of interest. The analysis was performed on the web-based workflow platform 

Galaxy.  Quality control was performed on the raw reads using FASTQC and then 

mapped against the mouse genome (release GRCm38/mm10) using Bowtie2. Eventual 

duplicated reads were removed using the function RmDup. The background control 

obtained from the ChIP-seq performed on the input control was subtracted from the 

butyrylated samples and normalised using the function BamCompare, which retrieves 

the Reads Per Kilobase of transcript, per Million mapped reads (RPKM). The resulting 

bigwig files corresponding to the peaks of the butyrylated lysine 5 and lysine 8 on 

histone 4 were uploaded on the web-based Integrative Genomics Viewer (igv.org/app) 

to visualize and inspect peak location relative to coding genes.   

 

2.2.7 Peak identification in the corresponding human sequence 

The ChIP-seq analysis retrieved a peak located upstream TSS of IL-17A gene. Trough IGV 

the location of the peak was obtained and the nucleotide sequence in the mouse 

genome was obtained through interrogating UCSC genome browser. Once obtained the 

mouse sequence corresponding to the peak, it was used to perform a BLAT search 

against the mouse genome in UCSC genome browser and conserved sequences in the 

human genome were identified through adding the track for chained alignment with the 

human genome. This highlighted two conserved regions that were named peak A and 

peak B and used to design primers to perform ChIP. 
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Figure 2.1. Conserved regions in the human genome corresponding to the peak identified in 

the ChIP-seq analysis. The sequence of the peak obtained from the ChIP-seq analysis in mouse 

(shown in the blue square) was used to identify conserved genomic regions in the human genome 

by adding the tracks for the Human Chained alignment and the Human aligned net. This 

identified two conserved regions in human chromosome 6, closely located near the human IL-

17A gene, which were named peak A and peak B (in the red squares).  

 

2.3 Wet laboratory techniques 

 

2.3.1 Immortalised cell culture 

The human endometrial adenocarcinoma cell line Ishikawa (catalogue number 

99040201-1VL) was purchased from the European Collection of Authenticated Cell 

Cultures (ECACC) repository. Cells were grown in Minimim Essential Media (MEM) 

supplemented with 5% vol/vol Fetal Bovine Serum (FBS), Non-essential Amino Acids 1% 

vol/vol and Penicillin-Streptomycin 1% vol/vol (corresponding to 50U/mL). Cells were 

grown in T75 cm2 flasks and split when reaching 95% confluency. Briefly, the old growth 

media was removed, and cells were washed with 5mL warm (37°C) PBS, then detached 

by replacing the PBS with 2.5mL warm (37°C) Trypsin and placed in the incubator at 37°C 

for 5 minutes to allow detaching. Once cells were in suspension, trypsin was inactivated 

by adding 3X volumes of fresh complete media (7.5mL) and centrifuged at 250g for 3 

minutes at room temperature. Cells were then resuspended in 10mL complete media 

and counted by using Trypan-Blue to dilute them and check for viability and then plated 



79 
 

for the various stimulations. The seeding density used are summarised in Table 2.5. The 

remaining cells were plated in a ratio 1:5. Cells were split three times per week and, 

once reaching passage numbers around 28-30 were replaced with freshly thawed cells.  

Plate type Number of cells Media volume Application 

10 cm plate 4.05x106 cell/plate 10mL ChIP 

12-well plate 0.25x106cell/well 0.5mL ELISA 

24-well plate 0.14x106cell/well 0.5mL Various stimulations 

96-well plate 0.25 x105 cell/well 100μL Viability assay 

Table 2.5. Seeding densities used for the study.  

 

2.3.2 Primary endometrial epithelial and stromal cell isolation 

Endometrial biopsies were obtained using a cornier pipelle and placed into transport 

medium: Hanks’ balanced salt solution (HBSS) supplemented with 100U/mL Penicillin-

Streptomycin, 2.5μg/mL (corresponding to 5% vol/vol) Amphotericin B and 5% vol/vol 

charcoal-stripped Fetal Bovine Serum (FBS). A single cell suspension was generated by 

adapting previously described protocols (shown in Figure 2.2) (190, 292, 330). The 

endometrial biopsies were washed with fresh transport medium to remove excessive 

blood by centrifuging the tube at 400g for 10 minutes and replacing the old transport 

medium with 10mL of fresh one. The biopsies were then placed in a 10cm sterile petri 

dish for weighing and minced finely using oppositing scalpels and then resuspended in 

5mL digestion media, composed of RPMI 1640, 20mM HEPES, 1% vol/vol charcoal-

stripped FBS, 1% vol/vol Bovine Serum Albumin (BSA), 0.5mg/mL Collagenase IV and 35 

U/mL DNAse I. Digestion was carried out for 25 minutes using a shaking incubator at 

37°C at 150rpm. To separate the single cell suspension from bigger undigested debris, 

the digested misture was passed through a 70μm cell strainer and 3X volumes of 

Digestion Inactivation Medium (composed by HBSS supplemented with 10% vol/vol 

charcoal-stripped FBS) were added. Then, hESCs and hEECs were separated using their 

size: hESCs are smaller and were separated using a 40μm cell strainer, which blocked 

the bigger hEECs. To obtain the hEECs, the cell strainer was turned upside down in a 

fresh tube and 20mL of Digestion Inactivation Medium were used to reverse wash the 
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cell strainer. Cells were then centrifuged at 400g for 10 minutes and resuspended in 

1mL growing medium: Keratynocyte Serum Free Media (KSFM) supplemented with 0.5% 

vol/vol of Penicillin-Streptomycin and Amphotericin B, 5% charcoal-stripped FBS and 

growing supplements (recombinant Epdermal Growth Factor, rEGF, 0.2ng/mL and 

Bovine Pituitary Extract, BPE, 30μg/mL). Cells were then counted and plated in T25 cm2 

flasks for expansion.  

 

 

Figure 2.2. Procedure to obtain primary human endometrial epithelial and stromal cells. In the 

figure are shown the steps required to process endometrial biopsies to obtain single cell 

suspension of human endometrial epithelial cells (hEECs) and human endometrial stromal cells 

(hESCs).  

 



81 
 

2.3.3 Hormonal treatment to induce endometrial receptivity 

2.3.3.a Decidualisation model in primary hESCs 

Decidualization of primary hESCs was performed as previously reported (331). Briefly, 

hESCs were cultured in a T25 cm2 flask until confluent in KSFM media, supplemented 

with 5% vol/vol charcoal-stripped FBS, 0.5% 0.5% vol/vol of Penicillin-Streptomycin and 

Amphotericin B and growth supplements rEGF and BPE at 0.2ng/mL and 30μg/mL, 

respectively. Cells were then plated in 24-well plates at a cell density of 140,000 cell/well 

and then treated with decidualisation media, composed by regular growing media to 

which were added 1μM Progesterone and 0.1 mg/mL 8-Br-cAMP. Some cells were 

supplemented with 2mM sodium butyrate or 10ng/mL rIL-17A. The control cells were 

grown with regular growing media alone and the vehicle control cells were treated with 

growing media with equivalent amount of DMSO. The treatment was carried out for 1, 

2, 4 and 6 days, replacing the treatment media every 2 days. When the timepoint was 

reached, cell supernatants were removed, and the cells were lysed in TRIzol™ Reagent 

for performing RNA extractions. 

2.3.3.b Receptivity model in Ishikawa cells 

Ishikawa cells have been described as a good model to recapitulate the changes induced 

in the endometrium by sex hormones treatment (332, 333). Ishikawa cells were seeded 

in 24-well plates in regular MEM media, supplemented with 5% vol/vol FBS, 1% vol/vol 

Non-essential Amino Acids and 1% vol/vol Penicillin-Streptomycin. Before the 

treatment, the growing media was removed, and cells washed in PBS. The treatment 

was carried out in MEM media with the same formulation as the growing media, except 

for the supplementation with 5% vol/vol charcoal-stripped FBS, instead of regular FBS. 

Cells were treated with 1μM Progesterone and 0.01μM β-Estradiol to induce epithelial 

receptivity, in presence or absence of 2mM Butyrate or 10ng/mL rIL-17A. The control 

cells were grown with charcoal-stripped FBS supplemented MEM alone and the vehicle 

control cells were treated with equivalent amount of DMSO and ethanol.  The treatment 

was carried out for 1, 2, 3 and 4 days, replacing the treatment media every 2 days. When 
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the timepoint was reached, cell supernatants were removed, and the cells lysed in 

TRIzol™ Reagent. 

 

2.3.4 Viability assays 

Viability assays were performed by seeding cells in triplicate on a 96-well plate and 

performing the treatments by adapting the treatment volumes for reaching the final 

volume of 100μL/well. A triplicate containing 100μL/well of media only, without cells, 

was also added, to be used as a background media control. Two hours before the 

timepoint was reached, 10% vol/vol Alamar blue cell viability reagent was added to each 

well and incubation was continued at 37°C. During these two hours, viable cells were 

able to reduce the resazurin to resorufin, which is highly fluorescent. The cell viability 

was assessed by measuring the absorbance of converted resorufin at 570 and 600nm 

and  then the relative viability compared to the control was calculated. Briefly, the 

background measure (R0) obtained by the media was obtained by dividing the average 

absorbance obtained in the wells with media alone at 570nm (absorbance of the low 

wavelength or AbsLWL) by the mean absorbance of the same wells at 600nm 

(absorbance of the high wavelength or AbsHWL): 

𝑹𝟎 = 𝑨𝒃𝒔𝑳𝑾𝑳(𝒎𝒆𝒅𝒊𝒂)/𝑨𝒃𝒔𝑯𝑾𝑳(𝒎𝒆𝒅𝒊𝒂) 

Then, the relative viability of the test samples against the control sample was calculated 

with the following formula:   

(
(𝑨𝒃𝒔𝑳𝑾𝑳 − (𝑨𝒃𝒔𝑯𝑾𝑳 ∗ 𝑹𝟎))𝒕𝒆𝒔𝒕

(𝑨𝒃𝒔𝑳𝑾𝑳 − (𝑨𝒃𝒔𝑯𝑾𝑳 ∗ 𝑹𝟎))𝒄𝒐𝒏𝒕𝒓𝒐𝒍
) ∗ 𝟏𝟎𝟎 

 

2.3.5 Gene silencing 

To block the expression of IL-17 receptors and S100A9, specific siRNAs were designed 

(Table 2.6). The control scramble siRNA was purchased from Dharmacon, catalogue 

number D-001810-01-05. 
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siRNA name Sequence sense (5’ – 3’) Sequence antisense (5’ – 3’) 

Scramble UGG UUU ACA UGU CGA CUA A N/A 

IL-17RA #1 GGU UUG AGU UUC UGU CCA A UUG GAC AGA AAC UCA AAC C 

IL-17RA #2 GGA ACG AAU CUA CCC AUU A UAA UGG GUA GAU UCG UUC C 

IL-17RC #1 UCU CAA AGA CGA UGU GCU A UAG CAC AUC GUC UUU GAG A 

IL-17RC #2 GGU ACG AGA AGG AAC UCA A UUG AGU UCC UUC UCG UAC C 

S100A9 #1 UCA AAG AGC UGG UGC GAA A UUU CGC ACC AGC UCU UUG A 

S100A9 #2 UCA AGA AGG AGA AUA AGA A UUC UUA UUC UCC UUC UUG A 

Table 2.6. Sequence details of siRNAs used in the study. 

The silencing was performed on Ishikawa cells using the lipofectamine RNAiMax, 

following manufacturer instructions. Briefly, 3μL/well of lipofectamine RNAiMax was 

mixed with 50μL/well Opti-MEM reduced serum medium. Concomitantly, another mix 

was made with 20nM/well siRNAs and 50μL/well Opti-MEM. Two different siRNAs were 

used for silencing of each target. The mix with the lipofectamine and with the siRNAs 

were combined in a 1:1 ratio and incubated for 10 minutes to allow siRNAs to be loaded 

into liposomes. During this incubation, the media was removed from the 24-well where 

cells were plated the day before and replaced with 400μL/well. At the end of the 

incubation, 104μL of the lipofectamine/siRNAs mix were added for each well, reaching 

500μL final volume. After 36h from the knock-down, 8mM sodium butyrate or growing 

media was added to the cells, calculating a 6X concentrated stock in 100μL/well final 

volume. After 6h and 24h from adding sodium butyrate, the cell supernatants were 

removed, and cells lysed in 500μL/well TRIzol™ Reagent. 

 

2.3.6 Chromatin Immuno-Precipitation (ChIP) 

Ishikawa cells were seeded on 4x10cm petri dishes. The following day, 2x10cm petri 

dishes were treated with control growing medium or with growing medium containing 

8mM sodium butyrate. After 6h, the medium was removed from the cells, which were 

washed three times with PBS. Histones were crosslinked by adding 1% Formaldehide 

and incubating for 10 minutes at room temperature on a rocking incubator. Crosslinking 

was stopped by incubating with 125mM Glycine for 5 minutes at room temperature on 
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a rocking incubator. Cells were washed three times with ice cold PBS and then scraped 

on ice with 0.75ml/dish ice cold PBS with protease inhibitors (1μg/mL leupeptin, 1μg/mL 

aprotinin and 1mM phenylmethylsulfonyl fluoride, PMSF). The detached cells deriving 

from the two petri dishes treated with either control media or butyrate, were combined 

in one Bioruptor tube and spun down at 900g for 5 minutes at 10°C. The supernatant 

was discarded, and the cell pellet was lysed in 400μL/tube lysis buffer (50mM Tris-HCl 

pH8, 10mM EDTA, 1%SDS, supplemented before using with protease inhibitors: 1μg/mL 

leupeptin, 1μg/mL aprotinin and 1mM PMSF). The cells were pulse vortexed for 20 

seconds and lysis was performed leaving the tubes on ice for 30 minutes. After the lysis, 

the DNA was fragmented by sonication in a Bioruptor Pico sonicator connected to a 

water cooler system to keep the temperature of the water at 4 degrees. The cells were 

sonicated for 6 cycles alternating 30 seconds sonication with 90 seconds intervals. The 

fragmented DNA was obtained by centrifuging the samples at 14.000g for 10 minutes 

at 10°C and collecting the supernatant in a fresh tube. 50μL of supernatant were used 

as “input” sample and used straight for reversing crosslinks and DNA purification. The 

remaining 300μL of supernatant were diluted 1:10 in IP Buffer (16.7mM Tris-HCl pH8, 

1.1% Triton-x 100, 0.01% SDS, 1.2mM EDTA and 167mM NaCl, supplemented before 

using with protease inhibitors: 1μg/mL leupeptin, 1μg/mL aprotinin and 1mM PMSF). 

Then, each sample (control cells or butyrate treated cells) was split in three tubes: 

-100μL sonicated DNA + 900μL IP Buffer      

-100μL sonicated DNA + 900μL IP Buffer + 2.5μg Isotype Rabbit IgG 

-100μL sonicated DNA + 900μL IP Buffer + 2.5μg Anti-butyryl-lysine rabbit IgG 

The samples were left incubating overnight at 4°C on a rotor.  

The following morning, Protein A Sepharose® Cl-4B beads, which have higher affinity for 

rabbit IgG, were prepared for immunoprecipitating the chromatin-antibody complexes, 

which derived from the overnight incubation. 40μL slurry beads/tube were washed 

three times with 1mL complete IP buffer by spinning them at 1000g for 3minutes on a 

benchtop centrifuge. The beads were then blocked by incubating for 40 minutes with 

480μL complete IP buffer, with 20mg/mL BSA and 4.8μL Salmon sperm DNA. Beads were 

washed again three times with complete IP buffer and after the last was, 100μL fresh IP 



85 
 

buffer was added and 45μL beads were aliquoted in six tubes. The overnight samples of 

chromatin-antibody complexes were spun down at 13.000rpm for 10 minutes at 4°C and 

the supernatant from each tube (900μL approximately) was transferred to each tube 

containing the beads: 

Control media treated sample Butyrate treated sample 

Beads + sonicated DNA Beads + sonicated DNA 

Beads + sonicated DNA + Isotype rabbit 

IgG 

Beads + sonicated DNA + Isotype rabbit 

IgG 

Beads + sonicated DNA + butyryl-lysine 

IgG 

Beads + sonicated DNA + butyryl-lysine 

IgG 

The samples were left incubating for 3h rotating at 4°C to form the complexes: beads-

antibody-DNA. Once finished the incubation, the beads were washed three times with 

1mL complete IP buffer and centrifuging at 3000g for 3 minutes at 4°C. Then, the 

antibody-DNA complexes were eluted from the beads by adding 250μL/tube Elution 

Buffer (1% SDS, 0.1M NaHCO3, mixed before using them). Elution was carried at 65°C 

for 2 hours, then beads were spun down at 3000g for 3 minutes and supernatant 

transferred in a fresh tube. Elution was repeated twice more with 125μL/tube Elution 

Buffer left incubating for 30 minutes at 65°C, then all the three supernatants from the 

elution were combined. The crosslinks between proteins and DNA were reversed with 

0.3M NaCl and left incubating at 65°C overnight. After this incubation, RNAs and 

proteins were degraded by using respectively RNAse A (incubated for 1h at 37°C) and 

Proteinase K (incubated for 2h at 45°C). DNA was then purified using the Wizard® SV Gel 

and PCR Clean-Up System, following manufacturer instructions. DNA was eluted in 30μL 

and diluted 1:3 to perform qPCRs. 

 

2.3.7 RNA-extraction and cDNA generation 

RNA extraction was performed using TRIzol™ Reagent according to manufacturers 

instructions. Briefly, the cell culture media was removed from the cells and  replaced 

with TRIzol™ Reagent (500μL for a 24-well plate well). Cells were detached by pipetting 
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and transferred to a fresh 1.5mL tube. 100μL Chloroform were added to each tube and 

mixed thoroughly to obtain a cloudy pink mixture. The samples were centrifuged at 

12.000g for 15 minutes at 4°C. After this step, three layers are formed: an upper 

aqueous layer containing RNA, a white interphase containing DNA and a pink phenol-

chloroform bottom layer, containing a mix of proteins and DNA. The upper aqueous 

layer was transferred to a fresh tube and RNA was precipitated by adding 250μL 

Isopropanol and incubating at -20°C for 30 minutes. The precipitated RNA was pelleted 

by centrifuging at 12.000g for 10 minutes at 4°C and supernatant was replaced with 75% 

ethanol, to wash the RNA. The sample was spun down at 8000g for 10 minutes at 4°C 

and the supernatant was completely removed and the pellet air dried for 20 minutes. 

The pellet was then resuspended in 20μL distilled, sterile, nuclease-free water and RNA 

concentration and purity was measured using a NanoDrop™ 2000 Spectrophotometer. 

RNA was also inspected using a 1.5% Agarose gel, to determine eventual DNA 

contamination or RNA degradation. 

RNA was then used to synthesize cDNA. To do so, 500ng or 1000ng RNA, depending on 

the starting RNA concentration, were used for setting up the retro-transcription in 20μL 

final volume. For the reaction was used the High-Capacity cDNA Reverse Transcription 

Kit, according to manufacturers instructions. For each sample, the following mix was 

prepared: 

Reagent Quantity (per sample) 

RNA Amount corresponding to 500/1000ng 

Distilled nuclease-free water Up to 14.2μL (depending on RNA volume) 

10X RT Buffer 2μL 

10X RT Primers 2μL 

25X dNTP Mix 0.8μL 

Multiscribe Reverse Transcriptase 

(50U/μL) 

1μL 

 Total volume: 20μL 

The reaction mix was prepared on ice and carried out in a Techne 3Prime Termal cycler 

with the following cycling stages, using pre-heated lid: 
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Step 1 - 

Annealing 

Step 2 – 

Retrotranscription 

Step 3 – Enzyme 

Inactivation Step 4 - Hold 

10 minutes 120 minutes 5 minutes Indefinite 

25°C 37°C 85°C 4°C 

After the cycle was completed, the cDNA was diluted to reach 100ng, therefore 1:5 for 

a starting 500ng RNA concentration and 1:10 for 1000ng RNA. 

 

2.3.8 qPCR 

cDNA obtained from the previous step was then used to perform quantitative PCR or 

qPCR. PowerUp™ SYBR™ Green Master Mix was used to perform the qPCR according to 

manufacturer’s guidelines, loading the samples in triplicate on a MicroAmp™ Optical 

384-Well Reaction Plate. The qPCR were performed on a QuantStudio5 qPCR machine.  

2.3.8.a Primer design and optimisation 

Firstly, primers were designed for the target genes of interest and housekeeping genes 

in order to target exon-exon junctions, where possible (Table 2.7). The primers were 

then tested for the optimal concentration to be used in the qPCR. To do so, the same 

primer set (composed by a mix of 5μM forward and reverse primer) was titrated, using 

it at 700nM, 500nM, 300nM and 100nM. The concentration that retrieved the lowest 

cycle threshold with the lowest standard deviation was the optimal concentration. By 

inspecting the melting curves, primers who displayed multiple peaks were excluded as 

were not specific for retrieving a singular amplicon. Once established the optimal 

concentration for each primer set, their efficiency in discriminating small amount of 

cDNA was tested by performing a relative standard curve using increasing cDNA dilution 

up to 1:1000. Only primers who showed efficiency higher than 85 and lower than 115, 

calculated using the slope of the trendline connecting the readouts of the Ct values of 

the cDNA dilutions, were considered for the study. The amplicon obtained from the 

primer sets chosen to satisfy the efficiency threshold, were purified using the Wizard® 

SV Gel and PCR Clean-Up System and sent for sequencing to confirm specificity in their 

target. Then, the optimal housekeeping gene was determined by running a qPCR with 
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control samples and samples subjected to the various treatment. The Ct values obtained 

from this qPCR were used to  determine the optimal housekeeping primer, which shows 

the least variation induced by the treatment. This was calculated by uploading the Ct 

values on the website: https://www.heartcure.com.au/reffinder/?type=reference, 

which is a repository of multiple algorithms used to determine optimal housekeeping 

genes such as geNorm or bestKeeper. With this approach, RPLP0 primers were chosen 

as the most stable housekeeping for this project.  

 

Target 

name 

Forward primer (5’-3’) Reverse primer (5’-3’) Conc

(nM) 

RPLP0 ACTTGCTGAAAAGGTCAAGGC CCAAATCCCATATCCTCGTCCG 700 

IL-17A ACTGCTACTGCTGCTGAG GAGATTCCAAGGTGAGGTG 500 

IL-17B TACAGCATCAACCACGACCC TTCACACAGCCCAGACACAG 500 

IL-17C TTGCCTGTAGCCCTGGTGTC ATAGCGGTCCTCATCCGTGTC 300 

IL-17D GCCTACAGAATCTCCTACGACC GACGGTGGGCATGTAGACAG 300 

IL-25 TTGGCAATGGTCATGGGAAC CTGTTGAGGGGTCCATCTTC 500 

IL-17F ATTACACTGTCACTTGGGACC TCTCTTGCTGGATGGGAACG 700 

IFNB1 AAACTCATGAGCAGTCTGCA AGGAGATCT TCAGTT TCGGAGG 300 

IL-23A CTCAGGGACAACAGTCAGTTC ACAGGGCTATCAGGGAGCA 700 

IL-12B GCGGAGCTGCTACACTCTC CCATGACCTCAATGGGCAGAC 700 

RORC GTGGGGACAAGTCGTCTGG AGTGCTGGCATCGGTTTCG 700 

HIF1α TTCCAGTTACGTTCCTTCGATCA GCTGGAATACTGTAACTGTGCTTT

G 

700 

SPP1 GAGGGCTTGGTTGTCAGC CAATTCTCATGGTAGTGAGTTTTC 700 

MUC1 TGCCGCCGAAAGAACTACG TGGGGTACTCGCTCATAGGAT 100 

ITGAV ATCTGTGAGGTCGAAACAGGA TGGAGCATACTCAACAGTCTTTG 700 

IGFBP1 TTTTACCTGCCAAACTGCAAC CCCATTCCAAGGGTAGACGC 700 

PRL AAAGGATCGCCATGGAAAG GCACAGGAGCAGGTTTGAC 700 

LIF CTGTTGGTTCTGCACTGGAA GCCACATAGCTTGTCCAGGT 500 

IL-15 AGAAGCCAACTGGGTGAATG TACTTGCATCTCCGGACTCA 300 

https://www.heartcure.com.au/reffinder/?type=reference
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S100A9 CTCCTCGGCTTTGACAGAGTG TCTTTTCGCACCAGCTCTTTG 300 

S100A8 AGCTGTCTTTCAGAAGACCTG TCTGCACCCTTTTTCCTGATATAC 300 

PI3/ 

Elafin 

TGTTGAATCCCCCTAACCGC CTGTCACCTCCCACAACCTC 300 

CXCL8 

(IL-8) 

CTCCAAACCTTTCCACCCCA TCTCAGCCCTCTTCAAAAACTTC 500 

TNFα TGGCCCAGGCAGTCAGATCA GTAGGAGACGGCGATGCGGC 300 

HMOX1 

(HO1-) 

AAGACTGCGTTCCTGCTCAAC AAAGCCCTACAGCAACTGTCG 500 

IL-17RA CGGTGGCGTTTTACCTTCAG TCTTGGACTGGTGGTTTGGG 300 

IL-17RC CCTCCCAACTGCCAGACTTC ACTTGCTCCGCTCTCTCTTG 700 

MME 

(CD10) 

AGAAGAAACAGCGATGGACTC

C 

CATAGAGTGCGATCATTGTCACA 700 

KRT8 TCCTCAGGCAGCTATATGAAGA

G 

GGTTGGCAATATCCTCGTACTGT 300 

Vimenti

n 

AGTCCACTGAGTACCGGAGAC CATTTCACGCATCTGGCGTTC 500 

TLR4 CTCTGCCTTCACTACAGAGAC TGGATGATGTTGGCAGCAATG 500 

TLR3 TGCAAAAGATTCAAGGTACATC

AT 

TTCGCAAACAGAGTGCATGG 500 

MCT1 GGGTTATAAGGCAGCCTCGCT TCCAACTGCTGGTGGCATTTT 500 

MCT4 GAGTTTGGGATCGGCTACAG CGGTTCACGCACACACTG 500 

Table 2.7. Primers used in the study. Housekeeping reference gene is shown in bold and 

highlighted in red. 

 

 

2.3.8.b qPCR 

Once established the primers to be used in the study (Table 2.7), qPCR for determining 

the expression level of genes of interest were performed. For each primer set and each 

well was prepared a mix with the following composition: 
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PowerUp™ SYBR™ Green 

Master Mix (2x) 
Primer (Forward+Reverse) 

Distilled nuclease-free 

water 

5μL Depending on the optimal 

concentration 

Up to a final volume of 

8μL (depending on the 

primers volume) 

Then, the amount of reagents for the total number of well to be covered was calculated, 

counting each sample to be loaded in triplicate and adding a well for the non-template 

control (NTC), containing water instead of cDNA. 8μL of each primer mix were aliquoted 

in the corresponding wells of a 384-well plate and followed by adding 2μL of water (for 

the NTC) or cDNA (previously diluted after retro-transcription). The plate was sealed and 

spun down at 3000g for 1minute and qPCR was performed in a QuantStudio5 PCR 

machine with the following cycle: 

Hold stage PCR stage Melt Curve stage 

95°C 95°C 60°C 95°C 60°C 95°C 

20 seconds 3 seconds 30 seconds 15 seconds 1 minute 15 seconds 

After the cycle was completed, the value of the cycles where the fluorescent signal 

obtained for each well overcame the intensity threshold of detection was collected. This 

corresponds to the Cycle threshold, or Ct value. Due to the exponential increase of 

amplicon production during each cycle, is possible to determine the quantity of 

amplicons generated by using an intercalating agent, in our case was the SYBR green 

contained in the PowerUp™ SYBR™ Green Master Mix. As long as the cycling stage 

progresses, more amplicons are generated leading to increased amount of SYBR green 

intercalation and production of fluorescent intensity. qPCR machines are designed to 

register this variation in fluorescent intensity and to register when the fluorescent signal 

overcomes the threshold of fluorescence. With this value, is possible to calculate the 

relative fold change of a given target gene by using the ΔΔCt method. First of all, the Ct 

value of the target gene for each sample is calibrated and normalised using the 

corresponding Ct value of an housekeeping reference gene, in our case RPLP0. This 

operation retrieves the first differential in the Ct values or ΔCt: 
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𝜟𝑪𝒕[𝒔𝒂𝒎𝒑𝒍𝒆 𝟏(𝒈𝒆𝒏𝒆 𝒙)]

= 𝑪𝒕[𝒔𝒂𝒎𝒑𝒍𝒆 𝟏(𝒈𝒆𝒏𝒆 𝒙)] − 𝑪𝒕[𝒔𝒂𝒎𝒑𝒍𝒆 𝟏(𝒉𝒐𝒖𝒔𝒆𝒌𝒆𝒆𝒑𝒊𝒏𝒈 𝒈𝒆𝒏𝒆)] 

Then, it is possible to assess the differential expression of the target gene in the test 

sample against the internal experimental control. To do so, a second differential analysis 

is performed by subtracting the ΔCt of the control sample to the ΔCt of the test sample, 

retrieving the ΔΔCt value: 

𝚫𝚫𝐂𝐭[𝐬𝐚𝐦𝐩𝐥𝐞 𝟏(𝐠𝐞𝐧𝐞 𝐱) =  𝜟𝑪𝒕[𝒔𝒂𝒎𝒑𝒍𝒆 𝟏(𝒈𝒆𝒏𝒆 𝒙)] − 𝜟𝑪𝒕[𝒄𝒐𝒏𝒕𝒓𝒐𝒍 (𝒈𝒆𝒏𝒆 𝒙)] 

This operation is performed for each sample, including the internal experimental control 

sample, which will give zero. Then, to obtain the fold change it is calculated the value 

deriving to the exponentiation of 2 to the power of the negative ΔΔCt: 

𝑭𝒐𝒍𝒅 𝒄𝒉𝒂𝒏𝒈𝒆 = 𝟐−(𝜟𝜟𝑪𝒕[𝒔𝒂𝒎𝒑𝒍𝒆(𝒈𝒆𝒏𝒆 𝒙)]) 

In this way, the internal experimental control sample would every time correspond to 1 

(given that 2(-0)=1) and the test samples would show a fold change that is relative to the 

expression of the control. 

  

2.3.8.c ChIP-qPCR 

ChIP-qPCR were performed using the same protocol as for the regular qPCR using 2μL 

of DNA obtained by a 1:3 dilution of the purified DNA from ChIP. The primers used for 

ChIP-qPCR were designed by comparing the corresponding human genomic regions to 

the positive and negative controls, as well as for the IL-17A peaks identified in a mouse 

study (329). GAPDH primers have been described previously (334) (Table 2.8).  

The fold enrichment over IgG in each DNA region was calculated as follows. The Cycle 

threshold, Ct, from the immunoprecipitated samples were normalised with the Ct 

obtained from the input sample, given that this sample has not been subjected to 

immunoprecipitation and contains all the DNA fragments obtained from the cell lysis 

and sonication stages. Since 50μL of Input sample were taken from a 400μL total 

volume, this corresponds to a 12.5 dilution which, considering the cycling from the qPCR 
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machine follows an exponential increase, corresponds to a dilution factor of log2(12.5) 

= 3.64 cycles. Therefore, the Ct values of the IP samples were normalised as follows: 

𝜟𝑪𝒕[𝑰𝑷 𝒔𝒂𝒎𝒑𝒍𝒆] = (𝑪𝒕[𝑰𝑷 𝒔𝒂𝒎𝒑𝒍𝒆 ] − (𝑪𝒕[𝑰𝒏𝒑𝒖𝒕 𝒔𝒂𝒎𝒑𝒍𝒆] ∗ 𝟑. 𝟔𝟒)) 

Then, the reading was adjusted by subtracting the ΔCt obtained for the isotype IgG 

sample to the ΔCt of the other IP samples from that stimulation (either control cells or 

butyrate treated cells). This calculation retrieves the differential enrichment, or ΔΔCt, 

of the binding of the IP sample in each given DNA region compared to the one obtained 

by the isotype IgG: 

𝜟𝜟𝑪𝒕[𝑰𝑷 𝒔𝒂𝒎𝒑𝒍𝒆] =  (∆𝑪𝒕[𝑰𝑷 𝒔𝒂𝒎𝒑𝒍𝒆] − ∆𝑪𝒕[𝑰𝒔𝒐𝒕𝒚𝒑𝒆 𝑰𝒈𝑮]) 

Lastly, to obtain the fold enrichment, the (-ΔΔCt) value was used as exponent for the 

base number 2: 

𝑭𝒐𝒍𝒅 𝒆𝒏𝒓𝒊𝒄𝒉𝒎𝒆𝒏𝒕 = 𝟐−(𝜟𝜟𝑪𝒕[𝑰𝑷 𝒔𝒂𝒎𝒑𝒍𝒆]) 

Target name Forward primer (5’-3’) Reverse primer (5’-3’) Conc. 

(nM) 

MAPKAPK5 TGACGTCATTAGCGCAGC CCTAAGACACGCCGCATAC 700 

GAPDH TACTAGCGGTTTTACGGGCG TCGAACAGGAGGAGCAGAG

AGCGA 

125 

Chr12 TCTTTCCTTACTCCAGGGCAG GCCAATGCTCAATGATGACA

G 

700 

IL-17A-Peak 

A-1 

CAGAACACCAATGGGTCAGT GCTCAGGTCCCCAGTAGAA 700 

IL-17A-Peak 

A-2 

AGCACTTCTTCAACCACTGA

G 

CTAAGCTCTCTTCACACTCGG 500 

IL-17A-Peak 

A-3 

GAGCATGGGAGCAAGATTG

A 

TATCCAGACAGCATGGGTGA 500 

IL-17A-Peak B-

1 

ATGGGTGGGGATGTTTGAT

G 

CCTGCCTTTATGCTTGTTGC 500 
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IL-17A-Peak B-

2 

TGTGTCAAGTGGTCTGTCAA

C 

CTGAAAGTGAGAGATGGGG

AG 

500 

IL-17A-Peak B-

3 

TAAGAACCAGGCTCCCAAAC CCATCAGGGAAGTGGTTGAC 300 

Table 2.8. ChIP-qPCR primers used in the study. 

 

2.3.8.d Determination of cell markers for primary hEEC and hESCs and Ishikawa cells 

To determine the separation of the primary hEECs with the hESCs we assessed the 

expression of known markers of epithelial (KRT8) and stromal (membrane 

metalloendopeptidase MME gene, encoding for CD10) cells (Figure 2.3A.). Also, to 

control the ability of these cells to respond to the stimulations which they were 

subjected, the expression of TLRs (TLR3 and TLR4), butyrate transporters (MCT1 and 

MCT4) and IL-17A receptors (IL-17RA and IL-17RC) were assessed with qPCR (Figure 

2.3B-C.).  

The relative abundance of expression of each cell marker was obtained with the 

standard qPCR protocol. Once obtained the Ct values, the relative abundance was 

calculated using the expression values obtained for the housekeeping RPLP0 gene. 

Briefly, the ΔCt was calculated as in section 2.3.8.b for each well and then this value was 

used for the exponentiation of 2: 

𝑹𝒆𝒍𝒂𝒕𝒊𝒗𝒆 𝒂𝒃𝒖𝒏𝒅𝒂𝒏𝒄𝒆 = 𝟐−(𝜟𝑪𝒕[𝒔𝒂𝒎𝒑𝒍𝒆]) 
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Figure 2.3. Expression of cell markers in the cell models used in the study. Expression was 

determined with qPCR using RPLP0 as reference gene. A. Cell markers expression of cytoskeleton 

proteins (keratin 8, KRT8 and Vimentin) and matrix metalloendopeptidase, MME (CD10) in 

epithelial cells (Ishikawa and hEECs) and stromal cells (SV40 fibroblasts and hESCs). KRT8 is a 

marker of epithelial cells, whereas in the FRT CD10 is used as a stromal cell marker (335), given 

that vimentin is expressed ubiquitously. B. Expression of receptors responsible for mediating the 

stimulations with IL-17A (IL-17RA and IL-17RC), sodium butyrate (MCT1 and MCT4) and bacterial 

lipopolysaccharide, LPS (TLR4) in Ishikawa cells, hEECs and hESCs. C. Expression of TLR3 in 

Ishikawa cells and hEECs, responsible for Poly(I:C) response. N≥3. 
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2.3.9 Immunocytochemistry staining for epithelial and stromal cell markers 

To check separation of hEECs and hESCs, cells were also plated on Millicell EZ slides 

(Merck-millipore, catalogue number PEZGS0816) and once confluent stained for 

markers of epithelial (cytokeratin) and stromal cells (CD10) (Figure 2.4). Briefly, growing 

media was removed from the slides and cells were washed three times with PBS, 

followed by a fixation step with ice cold methanol, incubated for 10 minutes at room 

temperature. Cells were washed again three times with PBS and cell peroxidases were 

blocked with 3% hydrogen peroxide, incubated for 20 minutes at room temperature. 

Cells were washed once more and aspecific antigens were blocked with casein block 

(Vector Lab Supplies) for 1 hour at room temperature. The slides were washed once, 

and primary antibodies were incubated overnight at 4°C. Cells were stained for 

cytokeratin (Dako, M3515), CD10 (Abcam, ab126593) or isotype control. After three 

washes in PBS, the slides were incubated for 30 minutes with EnVision Detection 

Systems Peroxidase/DAB Kit (Dako, K5007). Cells were washed three times with PBS and 

then freshly prepared DAB was added to the cells and incubated until colorimetric 

change was observed. Cells were washed twice more and counterstained with 

haematoxylin. After a first wash with water, cells were washed once more with PBS and 

then air dried before mounting coverslips using Pertex Mounting medium (Pioneer 

Research Medicals, PRC/R/750). Pictures were obtained using an Olympus BX51 upright 

microscope. 
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Figure 2.4. ICC staining for epithelial and stromal cell markers. hEECs and hESCs were seeded 

on Millicell EZ slides and then stained with isotype control antibody, anti cytokeratin antibody 

and anti CD10 antibody. It can be noticed a different morphology of the two cell type and that 

epithelial cells are positive for DAB staining with cytokeratin, whereas stromal cells are positive 

for CD10 staining.  

 

2.3.10 Flow cytometry 

Flow cytometry technology allows to investigate cell physical properties as well as 

intracellular and extracellular antigen presence by a cell using fluorophore-conjugated 

antibodies. The antibodies used for this technology are listed in appendix Table I.3. The 

assay was performed on Ishikawa cells seeded on a 24-well plate the day before 

butyrate treatment. 4h before the 24h timepoint, brefeldin A was added to each well in 

order to prevent secretion of proteins in the supernatant. At the 24h timepoint, cells 

were washed with PBS and 10mM EDTA was added to each well and incubated at 37°C 

until all cells were detached. Cells were placed in polystyrene FACS tubes, washed with 

1mL Flow Cytometry buffer (PBS supplemented with 10% vol/vol FBS) and centrifuged 

at 400g for 5 minutes. To check for cell death, cells were first stained with viability dye 

Zombie Aqua and incubated at room temperature in the dark for 15 minutes. Cells were 

then washed again with flow cytometry buffer and permeabilised using the 

eBioscience™ Foxp3 / Transcription Factor Staining Buffer Set, according to 



97 
 

manufacturer guidelines. After 30 minutes incubation with the permeabilization buffer, 

cells were washed with the buffer and provided in the buffer set and centrifuged again. 

After the centrifuge, the supernatant was discarded and cells resuspended in the 

remaining volume (approximately 100μL) and 1μL Fc block was added to each tube for 

5 minutes, followed by incubation with the specific antibodies for 30 minutes in the 

dark. Cells were washed twice more with the buffer provided in the kit and, after the 

last centrifuge, cells were resuspended in 200μL Flow Cytometry buffer. A positive 

sample for the antibody staining was obtained by incubating equal volume of antibodies 

with the ABC total Antibody Compensation Bead Kit. Similarly, a negative control for 

each antibody was obtained using a Fluorescence Minus One, or FMO, sample, 

containing all the other fluorescent antibodies/dyes, except one.  

The samples were run on a BD LSRFortessa cytometer from which the FSC files were 

exported, and subsequent analysis was carried out on FlowJo. For the analysis, gates 

were first designed on the FMO controls so to have a negative value for the antigen of 

interest. The gating strategy is displayed in Figure 2.5. 
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Figure 2.5. Gating strategy used in the study. The main cell population was gated to remove 

cell debris, then doublets were separated according to FSC and SSC properties. Live cells were 

gated using the staining obtained by the viability dye Zombie Aqua and then this population was 

analysed for the positive/negative staining for the antibody of interest, probing for IL-17A or 

RORγt. The FMO sample (shown in the figure) was used to set the gate in order to show no 

positivity for the specific antibody of interest. The same gating was then applied to the other 

stained samples.  

2.3.11 Enzyme-linked immunosorbent assay (ELISA) 

For the ELISA, Ishikawa cells were seeded on a 12-well plate, but the treatment was 

performed in half the volume (500μL) required by this plate format, in order to 

concentrate the supernatants. The kits used are listed in appendix Table I.3 and were 

used according to manufacturer’s guidelines. ELISA was performed on fresh 

supernatants, to prevent freezing-thawing procedures, loaded in triplicate alongside a 

standard curve and a “blank” sample, consisting of sample diluent only. The 

samples/standards and blanks were incubated overnight at 4°C, to increase sensitivity. 

The substrate used for the colorimetric reaction was TMB contained in the kit and 

stopped with 1M sulfuric acid. Absorbance was read using a spectrometer set at 450nM 

and plate correction was also measured at 570nm. For the analysis, the value obtained 

by the absorbance at 570nm were subtracted for each well to the value read at 450nm, 

then the value of the blank sample was subtracted to all the remaining well to perform 

background correction. Then, the standard curve was used to obtain the R2 value (which 

was accepted if above 0.95) and the slope formula, which was used to infer the 

concentration of the unknown samples.   

 

2.3.12 SDS-gel protein electrophoresis, western blotting and membrane 

staining 

2.3.12.a SDS-gel protein electrophoresis 

For assay cell protein content, Ishikawa cells were plated in 24-well plates with two 

technical replicates which were then combined. At the treatment timepoint, cells were 
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lysed on ice directly adding 50μL sample lysis buffer (1M Tris-HCl pH 6.8, glycerol, 10% 

SDS, 5% DTT, bromophenol blue) per well. The samples were then combined in a tube 

and boiled at 95°C for 5 minutes. 20μL of samples were loaded on an 8% Acrilammide 

gel alongside 5μL of the Spectra™ Multicolor Broad Range Protein Ladder and run in 

running buffer (2.5mM Tris, 19.2mM glycine, 0.01% SDS) using a Mini-PROTEAN® Tetra 

Cell gel electrophoresis cassette.  

2.3.12.b Western blotting 

When the run was finished, the proteins were transferred from the acrylamide gel to a 

PVDF membrane by western blotting. The membrane was activated by soaking in 

methanol for 5 minutes and then assembled together with the gel in a Mini Trans-Blot® 

Cell blotting cassette. The procedure was carried out in transfer buffer (0.025M Tris, 

0.19M glycine, 3.5mM SDS), running at 40mA overnight.  

2.3.12.c Immunostaining  

After the proteins were transferred to the membrane, non-specific sites were first 

blocked by incubating the membrane with 5% dried milk resuspended in Tris-buffered 

saline-tween, TBS-T, (12.11g Tris, 87.6g NaCl, 10ml tween 20 in 1L) for 1 hour rotating 

at room temperature. Membranes were washed three times with TBS-T and then 

specific antibodies, listed in appendix Table I.3, were diluted according to 

manufacturer’s guideline in 5% BSA in TBS-T and left incubating overnight rotating at 

4°C. Membranes were washed three times with TBS-T and incubated for 1 hour with 

peroxidase-conjugated secondary antibodies Goat anti-rabbit or Goat anti-mouse, 

diluted 1:2000 in 5% milk in TBS-T. After three washes with TBS-T, the substrate for the 

peroxidase was added using WesternBright ECL Spray and chemiluminescent signal was 

acquired using ChemiDoc MP Imaging system. 
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2.3.13 16S-sequencing 

2.3.13.a Bacterial DNA extraction  

Biopsies were obtained using a a pipelle de Cornier, which ensures sterility of the sample 

thanks to its outer catheter section passing through the vagina and the cervix and 

allowing collection of a biopsy from the endometrium using the inner pipelle section, 

which is then pulled back into the cathether section before removing the instrument. 

Approximately 100-200mg of tissue were used to extract bacterial DNA from 

endometrial biopsies using QIAmp UCP Pathogen Mini kit (QIAGEN, 50214) and with 

Pathogen Lysis tubes size S (QIAGEN, 19091), as already published (263). Bacterial DNA 

was quantified using a NanoDrop™ 2000 Spectrophotometer and 5ng/μL DNA was sent 

to ELDA biotech, Kildare, Ireland for library preparation and 16S-sequencing. Alongside 

samples, negative contamination controls such as theatre room air, gloves swabs and 

water samples were sent for sequencing, as well as a positive control consisting of a 

vaginal microbiome genome mix from ATCC. 

2.3.13.b 16S sequencing and data analysis 

The sequencing featured amplification of the variable regions V3-V4 of the 16S 

ribosomal RNA subunit gene. Primers were removed prior to filtering, denoising and 

read merging and Amplicon Sequence Variants (ASV) were generated using DADA 2 

package in R. ASVs were assigned to genus level using a naive Bayesian classifier method 

against the SILVA database. This resulted in a matrix of normalised reads associated with 

each bacterial genus. From this, relative abundance was calculated using the number of 

reads for each genus against the total number of reads within the same sample. 

Heatmap was generated using ComplexHeatmap package in R and correlations were 

computed in GraphPad prism v8.0.1.    

 

2.3.13 Statistical analysis 

GraphPad Prism v8.0.1 was used for statistical analysis. Data were tested for normality 

to assess whether parametric tests could be applied or not. Then, different tests were 
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applied depending on the experimental design and if the samples were paired or 

unpaired.  

Chi-square tests with and without Yates correction were applied to compute 

significance of the different amino acid identified in the mammalian IL-17s.  

T-test was applied to the flow cytometry data and two-samples unpaired t-tests was 

applied to the 16S sample cohort characteristics.  

Two-way ANOVA tests were applied to most of the wet-lab experimental procedure, 

with correction for multiple testing, such as Dunnett or Sidak. Mixed-effects model 

fitting test was applied where Two-way ANOVA could not be applied due to missing 

values. Again, Dunnett correction was applied for correcting for multiple testing. 
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Chapter 3: Evolution of IL-17 family of cytokines and 

possible roles in placentation 

 

3.1 Introduction 

 

3.1.1 Organization of mammalian groups 

Mammals are vertebrates with peculiar characteristics such as the presence of 

mammary glands, three middle ear bones and a unique jaw joint. Can be found 4810 

species of extant mammals which comprise the main fauna of all continents and, thanks 

to cetaceans, the major water reserves on earth (336). 

 Since Linnaeus classified mammals in 18th century, his classification has been 

updated and revised through the years. The most recent classification for mammalian 

species is based on molecular evidence of retrotransposon elements located in 

mammalian genomes (337). According to this study, mammals can be divided into two 

main groups: Monotremata (or Prototheria) and Theria, which is in turn divided in two 

subclasses, Metatheria (or Marsupials) and Eutheria (or Placental mammals). This 

classification also reflects the distinct reproductive features of this classes of mammals: 

• Monotremata are represented by only one species of platypus and two species 

of echidna and are egg-laying mammals, or oviparous, although they still breast 

feed their offspring; 

• Metatheria are represented by marsupials, which are viviparous and 

characterised by relatively short pregnancies, resulting in the birth of an 

extremely immature or altricial offspring, which continues its development in 

the maternal pouch; 

• Eutheria mammals are viviparous and are also known as "placental" mammals. 

Their pregnancy is long enough to allow complete development of the foetus 

within gestational period.  
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In the next sections will be discussed in more detail the reproductive characteristics of 

these three main groups, referring to the involvement of maternal immune system for 

establishment and completion of pregnancy 

 

3.1.2 Characteristics of mammalian pregnancy 

Differences distinguish the reproductive biology of these mammalian subclasses, but 

there are also several similarities.  

 

3.1.2.a Embryonic development in fertilised eggs 

Like reptiles, all mammals have three egg-coat layers surrounding their female gametes, 

organised in the zona pellucida. In monotremata and marsupials, a further egg-coat is 

deposed after fertilisation when the egg reaches the upper portion of the uterus (338), 

while in eutherian mammal this does not happen. The most obvious difference between 

these three subclasses is that eutherian and marsupials are viviparous, but this property 

evolved from an heterochronic shift of the egg hatching when the foetus is still inside 

the maternal reproductive tract (Figure 1) (339). Thus, it is possible that the mammalian 

common ancestor was egg-laying and with similar characteristics to echidnas, where the 

external incubation of the egg occurs in a maternal skin pouch (340).  

 

3.1.2.b Maternal recognition of pregnancy 

The crosstalk between mother and foetus starts in the early stages of pregnancy, soon 

after fertilization. The first signal from trophoblast acts to interrupt estrous cycle and 

support progesterone production to sustain early embryonic develoment, implantation 

and placentation (341). This phaenomenon is known as maternal recognition of 

pregnancy and, despite it is present in all eutherian mammals and some marsupials, it 

has been studied only in few species. The difficulties in the studies focusing on this 

matter are characterised by the fact that the method of trophoblast comunication is 

highly variable and it can either be luteotrophic, to maintain luteal function, or anti-
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luteolytic, to prevent luteolytic prostaglandin F2a (PGF) to be released (341). In human 

and high primates this action is guaranteed by releasing of Chorionic Gonadotropin, a 

luteotrophic hormone (342), but this does not happen in strepsirrhines, lemurs and 

related species, which are part of primates clades as well. Both ruminants and pig use 

an anti-lutheolytic approach by secretion of IFNT (343) and the hormone estrogen (344), 

respectively. In marsupials maternal recognition seems to not occur in the case of 

Monodelphis domestica (345), however in macropodids (kangaroos and wallabies) there 

is clear recognition of pregnancy since it is known that their placenta has ability to 

secrete hormones such as steroids, cortisol, prostaglandins and in gravid female there 

is upregulation of mesotocin receptors under feto-maternal regulation (346). Further 

studies are needed in order to collect data regarding maternal recognition of pregnancy 

in monotremata.  

 

3.1.2.c Placentation 

Despite eutheria are being regarded as "placental" mammal, all mammals are able form 

a placenta, even with differences in terms of invasiveness and embryonic cellular 

source. While eutherian mammals can form four different types of placenta, with 

greater or lesser contact between trophoblast cells and maternal circulation (347), 

monotremata can still form a simple allantoic vitelline placenta from vitellocytes, which 

are trophectoderm-like cells (348). Marsupials, instead, generally form a non invasive 

epitheliochorial placenta which lasts only few days before partutition, although are 

present some differences between the species contained in this subgroup (347). 

Particularly, placental formation in marsupials follows the egg-coat haching, allowing 

the growth of the embryo at a faster speed due to the nutrients transferred from 

maternal circulation (Figure 3.1) (349).  

The length of pregnancy as well as the formation of the placenta allowing nutrient 

transport from the mother to the growing embryo, determine the rate of embryo 

development. This is well reflected in mammalian subgroups. In monotremata and 

marsupials it is clear that the mother provides nutrients to the embryo before the fourth 

egg-coat is added in the uterus and during the short placentation period. However, the 



105 
 

offspring from those subgroups are still altricial and need a postnatal development 

phase, which can last 15 months in the case of wallabies (350). Conversely, in eutherian 

mammals, despite differences according to placental typology and length of pregnancy, 

the exchange of nutrients trough the placenta lasts for a longer period, allowing the 

foetus to reach a more complete development stage at parturition (350). A misleading 

idea might be to think that a more invasive placenta is more efficient in providing 

nutrients and therefore allowing a better development of the foetus. From an 

evolutionary point of view, placenta did not appear only in mammal. This strategy has 

evolved independently in other organisms in which occurs maternal provisioning of 

nutrients during embryonic development, such as some species of Cartilaginous fish 

(stingray and ground sharks), Teleosts (Poecilopsis and syngnathid fish), Amphibian 

(some types of frogs and marsupial frogs), and reptiles (Trachylepis ivensi and Mabuya 

lizard) (347). It is thought that the placenta of the last common mammalian ancestor 

was discoid and either hemochorial or epitheliochorial with labyrinth-type 

interdigitation (351). 

 

3.1.2.d Partuition 

Another similarity, especially between eutherian and metatherian mammals is the 

involvement of a pro-inflammatory response to allow parturition. In metatherian 

mammals indeed, this phase follows directly the inflammatory activation that leads to 

the short placentation period, and it is regulated and induced by prostaglandin F2 alpha 

(PGF2α) (350). This pro-inflammatory environment is present also in eutherian mammal 

parturition, where prostaglandin, cytokines and immune cells are involved to mediate 

this process (187).  
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Figure 3.1. Phases of mammalian pregnancy. Phylogenetic tree highlighting the three main 

extant mammalian orders (monotremata, eutherian and metatherian) and their principal 

gestational phases. The pregnancy phases present in the mammalian Most Recent Common 

Ancestor (MRCA) are retained in monotremata, with development of the foetus within the shell 

coat, oviposition and an external egg incubation. In Therian MRCA the egg-coat hatching 

chronologically shifted to before parturition, allowing for the attachment of the embryo to 

maternal uterus and the evolution of viviparity. This phases are retained in Metatherian, where 

the attachment is only for short periods berofe parturition. Eutherian mammals have evolved 

their phases from the therian MRCA by preventing the fourth egg-coat addition and the 

attachment to the mother which lasts for a longer period than in metatherian, before partutition. 

The red boxes illustrates stages linked to a pro-inflammatory environment. Adapted from (339). 

 

3.1.3 Involvement of immune response in mammalian pregnancy 

The extensive involvement of the immune response in all the above mentioned 

gestational phases is a similarity shared by all mammalian subgroups 

The Nobel Prize Peter Medawar was one of the first to describe the "paradox" of the 

semi-allogenic foetus not being rejected by the maternal immune system, while 

remaining capable of protecting the host against infections and malignancies (352). 

More than 60 years later, many studies helped to explain why and how immune 
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response is so pivotal for pregnancy success and how dysregulation in maternal immune 

system can severely impact on these mechanisms. It is indeed clear that inflammation 

is required for embryo implantation and parturition in eutherian and metatherian 

(Figure 3.1), where the link between inflammation and pregnancy is more studied than 

in monotremata (350). Since metatherian show a shorter pregnancy than eutherian 

mammals, the inflammatory reactions of the embryo implantation and parturition 

happen basically at the same time (350). Eutherian mammals, conversely, have a longer 

pregnancy and it is fundamental that the inflammatory response caused by embryo 

implantation must be inhibited once attachment has occurred, for a correct embryo 

development and growth. If the inflammation is sustained for longer periods or an 

inflammatory insult occurs during this non-inflammatory phase, there will be indeed 

deleterious consequences, such as preterm birth or miscarriage. At the end of eutherian 

pregnancy, the inflammatory response  is reactivated to prepare for parturition (350). 

 

3.1.4 Evolution of mammalian pregnancy 

Pregnancy in the three clades evolved from a common process in which an early 

inflammatory reaction is critical for successful embryo implantation, after which the 

eutherian mammals ‘added’ a prolonged non-inflammatory phase required for foetal 

tolerance (Figure 3.1) (187, 350). Metatherian mammals have a shorter gestation period 

(only 15 days in the opossum) in which the foetus is retained in the egg coat until day 

12.5, when it hatches inside the uterus, and is followed by a short superficial 

placentation step. This step involves a highly pro-inflammatory response, followed 

directly by parturition of an extremely under developed offspring (350). Involvement of 

inflammation in the reproduction of prototherian mammals, the most distant clade of 

the mammalian family, has not yet been explored. In these animals there is no 

implantation step due to the development of the embryo within the shell coat (Figure 

3.1). However recent analysis confirmed that the mother provides additional 

nourishment to the eggs before oviposition, thus confirming that, even in such species, 

maternal-foetal communication occurs (353). 
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3.1.5 Involvement of IL-17s in inflammatory diseases 

As already mentioned, dysregulated levels of IL-17 cytokines are associated with several 

inflammatory conditions, including psoriasis, psoriatic arthritis, and ankylosing 

spondylitis (146). These findings encouraged the development of monoclonal antibody 

therapies to neutralise IL-17A/F action (Ixekizumab and Secukinumab) or block the 

receptor (Brodalumab). These therapies help prevent the pro-inflammatory 

symptomatology linked to psoriasis (354), psoriatic arthritis (355) and multiple sclerosis 

(356). 

 

3.1.7 Involvement of IL-17s in mammalian pregnancy and fertility 

As well as involvement in inflammatory conditions, a role for IL-17s in female 

reproduction is  likely, as controlled inflammation characterises each stage of successful 

pregnancy (185, 186). IL-17A and IL-25 are required to allow establishment of a 

successful pregnancy, given their involvement in trophoblast implantation and decidual 

cell proliferation (194, 195). Activation of the pro-inflammatory response has been 

shown to be critical during the window of receptivity in humans (357), confirming that 

inflammation is not only activated as a mechanism of defence and during pathologic 

conditions, but is also a key player needed for physiological processes to occur (350, 

358).  

It is not surprising therefore that female fertility complications derive from impaired or 

exaggerated  local immune and inflammatory activity (190, 327, 359). IL-17s, and in 

particular IL-17A and IL-25, have been linked to other fertility complications such as 

endometriosis, preeclampsia or miscarriage (205, 219, 225, 229). 

Activation of the IL-17A pathway and increased systemic and endometrial IL-17A protein 

levels during the process of implantation in human is associated with unexplained 

infertility and unsuccessful implantation (214), further emphasizing a role in 

unsuccessful pregnancy. Therapies targeting IL-17 have recently been shown to be 

effective in controlling pre-eclampsia (229), further emphasising a role for this cytokine 

in successful human reproduction.  
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3.2 Hypothesis and aims 

In order to better define the roles of IL-17 cytokines in relation to female fertility, we 

performed evolutionary analysis in mammalian clades (eutherian, metatherian and 

prototherian), to understand if the members of the protein family are conserved and 

thus, share similar functions in distantly related mammals.  

 

Study Outline: 

- Identification of genes coding for the IL-17 cytokines in various organisms representing 

the three mammalian clades (prototherian, metatherian, eutherian) and analysis of 

their genomic location to infer synteny; 

- Identification of mammalian IL-17s proteins and analysis of their sequence homology 

and phylogeny; 

- Analysis of structural similarities between human and metatherian or human and 

prototherian IL-17s; 

-  Analysis of IL-17s expression in fertility-related datasets from various mammalian 

organisms. 
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3.3 Results 

 

3.3.1 IL-17s genes are conserved and syntenic among mammals 

The sequences and location of the six members of the IL-17 family genes were used to 

examine synteny. The latest genome releases of Monodelphis domestica (Short grey-

tailed opossum, Broad/monDom5 Oct. 2006), Notamacropus eugenii (Wallaby, 

Meug_1.0, INSDC Assembly GCA_000004035.1 Dec. 2008), Sarcophilus harrisii 

(Tasmanian devil, WTSI Devil_ref v7.0/sarHar1 Feb. 2011) and Ornithorhynchus anatinus 

(Platypus, ASM227v2/ornAna2 Feb. 2007) deposited in the Genbank, Ensembl and UCSC 

genome databases were used for these analyses. Pairwise comparison with human 

genomic loci highlighted the presence of genes predicted to be homologous to the 

human genes deposited in RefSeq, Augustus and Ensembl. In cases where relevant 

regions were not yet annotated, UCSC prediction using the human chain-net and 

comparative genomic tools was applied to infer similarity in the region. The analysis 

identified the IL-17 genes and the surrounding genomic content in each species 

selected, confirming the presence of all IL-17 family members, (Figure 3.2A.). Moreover, 

the flanking genes are also conserved in all the species through evolution, particularly 

in IL-17D and IL-25 flanking regions (Figure 3.2D. and 3.2E., respectively), with the same 

gene orientation, transcription direction and gene size. Therefore, all IL-17 family 

members can be defined as syntenic and as orthologous, since we see the same number 

of IL-17s in all mammalian clades, with same surrounding genes and orientation. IL-17s 

must also have been inherited vertically from one ancestral species to the other through 
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evolution, without involving gene duplications which would have instead generated 

paralogs. 

A.

B.

C.

D.

E.
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Figure 3.2. Synteny maps indicating IL-17 gene location in metatherian, prototherian and 

human genomes.  Information regarding gene location and surrounding genomic content were 

retrieved from UCSC, NCBI Genbank and Ensembl; graphs were generated using BioRender. A. 

IL-17A and IL-17F synteny map; B. IL-17B synteny map; C. IL-17C synteny map; D. IL-17D synteny 

map; E. IL-25 synteny map. 

 

3.3.2 IL-17s protein are conserved in the three mammalian clades with high 

percentage identity.  

IL-17s can also be confirmed as orthologous in mammals by analysis of their protein 

sequences. Protein sequences of IL-17s in the mammal species under investigation were 

collected and aligned using ClustalW to confirm they showed at least 20% identity with 

human IL-17s. Multiple sequence alignment (MSA) of mammalian IL-17s was performed, 

allowing for the construction of a phylogenetic tree using the Minimum Evolution 

method. This highlighted how each of IL-17s cluster with orthologues from different 

species (Figure 3.3A.). The branch length of the phylogenetic tree represents the 

evolutionary distance calculated using the number of amino acid substitutions per site. 

All the IL-17 family members had similar evolutionary rates among species and among 

family members. Closely related species show high bootstrapping values, which 

indicates confidence in the topology of the tree at those nodes. 

IL-17 sequences are short and variable with insufficient informative sites to confidently 

infer evolutionary relationships among taxa. To investigate the pattern of  evolution of 

mammalian clades, all IL-17 family members for each species were concatenated to 

generate a “metaprotein” which was used for MSA and phylogenetic analysis (360). This 

resulted in a phylogenetic tree that agrees with the suggested evolution of mammalian 

clades showing very high values for the bootstrapping test, meaning that these 

concatenated proteins were found in the same node in all the reiterations performed 

to retrieve the final tree (Figure 3.3B.). Thus, IL-17 proteins can be used to infer 

evolution of mammals, with prototherian as the most distantly related clade given that 

their divergence from the mammalian common ancestor happened approximately 200 

million years ago (mya), whereas in metatherian mammals it has occurred only 90 mya. 
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These findings indicate a vertical inheritance of IL-17s throughout evolution, confirming 

their status as orthologous. 
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Figure 3.3. The evolutionary history of IL17s in mammals. A. Phylogenetic tree analysis was 

conducted in MEGA X using the Minimum Evolution method on IL-17s sequences from several 

mammalian species. The results from the bootstrap test (5000) are shown at each node. 

Bootstrap analysis performs multiple resampling of the original MSA data and estimates the 

degree of confidence in the topology of phylogenetic trees. The tree is drawn to scale, with 

branch lengths in the same units as those of the evolutionary distances used to infer the 

phylogenetic tree. Different colours highlight the branch corresponding to each IL17. B. 

Evolutionary history of mammals was inferred by using the Minimum Evolution method by the 

concatenating the sequences of each species IL-17s and performing MSA and phylogenetic 

analysis by minimum evolution with bootstrap test of 5000 replicates. 

 

 

Reciprocal best hits analysis was also used to characterise the relationship among 

members of the IL-17 family. Pairwise BLAST-P searches of all IL-17s were performed on 

proteomes from organisms of interest. The top hit results from the searches were 

examined for reciprocity. If the two proteins are retrieved as the reciprocal best hits, it 

confirms that they are orthologous and that they share enough percentage identity to 

be considered to have the same function. Reciprocal best hits analysis in metatherian 

and prototherian proteomes using human IL-17s as input allowed all IL-17s to be 

identified with at least 50% identity and very low e-values, demonstrating excellent 

alignment performed by BLAST. Similarly, BLAST-P searches using metatherian or 

prototherian IL-17s against the human proteome showed that the proteins are 

reciprocal hits, with similar % identity and e-values (Table 3.1).  
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Organism Reciprocal 

hit 

Measure IL17A IL17B IL17C IL17D IL-25 IL17F 

Monodelphis 

domestica 

H.sapiens –

M.domestica 
% Identity 
E-value 

59% 
4e-52 

75% 
2e-64 

51% 
2e-62 

72% 
8e-109 

52% 
2e-54 

53% 
23-46 

M.domestica 

– H.sapiens 
% Identity 
E-value 

59% 
2e-51 

75% 
3e-51 

51% 
1e-61 

72% 
3e-101 

52% 
1e-53 

53% 
4e-51 

Phascolartros 

cinereus 

H.sapiens – 

P.cinereus 
% Identity 
E-value 

60% 
1e-52 

66% 
8e-82 

51% 
2e-64 

72% 
5e-107 

58% 
8e-59 

53% 
1e-45 

P.cinereus – 

H.sapiens 
% Identity 
E-value 

60% 
9e-52 

66% 
1e-73 

51% 
1e-63 

71% 
1e-100 

58% 
7e-58 

51% 
2e-50 

Vombatus 

ursinus 

H.Sapiens  – 

V.ursinus 
% Identity 
E-value 

60% 
3e-53 

67% 
3e-82 

51% 
4e-65 

72% 
5e-106 

54% 
3e-58 

53% 
1e-44 

V.Ursinus  – 

H.sapiens 
% Identity 
E-value 

60% 
3e-52 

67% 
4e-74 

51% 
3e-64 

72% 
5e-101 

54% 
3e-58 

50% 
2e-49 

Ornithorhynchus 

anatinus  

H.sapiens – 

O.anatinus 
% Identity 
E-value 

50% 
3e-47 

57% 
4e-47 

57% 
5e-72 

51% 
4e-61 

68% 
9e-81 

60% 
1e-56 

O.Anatinus – 

H.sapiens 
% Identity 
E-value 

57% 
4e-46 

57% 
3e-46 

58% 
2e-67 

51% 
2e-60 

68% 
1e-75 

60% 
2e-56 

Table 3.1. Reciprocal best hits analysis results. The table shows the percentage identity and e-

value from reciprocal BLAST-P searches comparing metatherian and prototherian IL-17s against 

the reciprocal human orthologues. 

3.3.3 IL-17F in prototherian is significantly different from the human 

ortholog in terms of amino acid composition in the important residues 

and 3D protein structure.  

To look at the functional conservation of the IL-17s in mammals in greater detail, we 

analysed amino acid differences from the human IL-17s in Monodelphis domestica and 

Ornithorhynchus anatinus, as representatives of metatherian and prototherian, 

respectively. Human IL-17A and IL-17F protein sequences have been well characterised 

for the residues involved in the cystine-knot formation, dimerization, glycosylation and 

receptor interaction (361). Unfortunately, the other IL-17 sequences have not been 

entirely characterised yet, therefore only the signal peptide sequence, the cystine-knot 

cysteines and glycosylation residues are known. A smaller MSA was performed to 
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identify residues identical between human and M. domestica or human and O. anatinus 

(Figure 3.4A. and 3.4B. examples for IL-17A and IL-17F respectively). The non-identical 

residues were then analysed to identify where in the protein they are located and 

whether they involve a residue known to have a key function in human IL-17s (colour 

coded in the MSA and summarised in Tables 3.2 and 3.3). Overall, all IL-17s have a large 

number of non-identical residues in the N-terminus of the protein and in the signal 

peptide portion of the sequence. From the first cysteine involved in the knot, the 

sequences seem to have an increased number of identical residues in both metatherian 

and prototherian clades. Also, prototherian IL-17s show a higher number of non-

identical residues, which agrees with the phylogenetic evolution of the proteins, with 

prototherian being more distantly related to the human than metatherian. Residues 

involved in a specific function, e.g. cystine of the cystine knot are conserved in all the IL-

17s, apart from IL-17F in O. anatinus which has two arginine residues instead of the last 

two cysteine (Figure 3.4B.). 

Once identical and non-identical residues were identified, the percentage identity was 

calculated for the whole protein and for the key amino acids by dividing the identical 

residues with the total amino acid residues. In most cases, for example M. domestica IL-

17A, the percentage identity for the key residues is higher than the percentage identity 

for the whole protein. This can be explained by the fact that key residues are generally 

more conserved than scaffold residues. However, in other cases, such as for O. anatinus 

IL-17A, the percentage identity of the key residues is lower than for the whole protein. 

Chi-square testing, with or without Yates correction, was carried out to test the 

hypothesis that key residues were significantly different from the human in the chosen 

organisms (Tables 3.2 and 3.3, final rows). A p-value of 0.05 approves the hypothesis, 

whereas p-value higher than 0.05 rejects the null hypothesis that the residues are the 

same. From this analysis, only O. anatinus IL-17F and IL-25 were found to have 

significantly different key residues compared to the human, possibly suggesting that 

their function might be different from human IL-17. 
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Figure 3.4. Multiple Sequence Alignments (MSA) of eutherian, metatherian and prototherian 

IL-17A and IL-17F. A. MSA of IL-17A in eutherian (H. sapiens, M. musculus), metatherian (M. 

domestica) and prototherian (O. anatinus), highlighting the key residues involved in receptor 

binding, cystine knot or dimerization. B. MSA of IL-17F in eutherian (H. sapiens, M. musculus), 

metatherian (M. domestica) and prototherian (O. anatinus) clades, highlighting the key residues 

involved in receptor binding, cystine knot or dimerization. 

Table 2 IL17A IL17F 

Non-identical residues 
M. 

domestica 
O. anatinus 

M. 

domestica 
O. Anatinus 

Total non-identical residues 68 (153) 84 (164) 77 (161) 81 (144) 

Insertion/Gaps NA 7 3 19 

Scaffold residues 37 (79) 44 (90) 35 (68) 35 (51) 

Signal peptide 16 (23) 17 (23) 17 (29) 21 (29) 

Receptor binding site 1 6 (10) 3 (10) 9 (15) 12 (15) 

Receptor binding site 2 2 (12) 5 (12) 8 (17) 9 (17) 

Receptor binding site 3 6 (15) 9 (15) 9 (19) 10 (19) 

Dimerization core 6 (25) 6 (25) 12 (32) 20 (32) 

Glycosylation site NA NA 1 (1) 1 (1) 

Cystine knot 0 (5) 0 (5) 0 (5) 2 (5) 

Overall % identity 55.5%  48.7% 52.1% 43.8% 

Percentage identity in key residues  58.1% 47.2% 54.3% 50% 

P-value (Chi-square test) 0.53 0.73 0.42 0.026 

P-value (Yates correction) 0.20 0.85 0.40 0.04 

Table 3.2. Non-identical residues in metatherian and prototherian IL-17A and F. Differences 

between human and either metatherian (M. domestica) or prototherian (O. anatinus) key IL-17A 

and IL-17F amino acid residues. The percentage identity was calculated as percentage of 

identical residues over the total number of residues either for the whole protein or for the key 

residues (shown in brackets). 



119 
 

Table 3 IL17B IL17C IL17D IL-25 

Non-

identical 

residues 

summary 

M. 

domesti

ca 

O. 

anatin

us 

M. 

domesti

ca 

O. 

anatin

us 

M. 

domesti

ca 

O. 

anatin

us 

M. 

domesti

ca 

O. 

anatin

us 

Total 

different 

residues 

74 

(172) 
87 

(208) 
146 

(251) 
99 

(199) 
63 

(210) 
116 

(245) 
82 

(170) 
108 

(206) 

Insertion/G

aps 
20 23 61 8 17 44 19 33 

Scaffold 

residues 
62 

(146) 
74 

(182) 
135 

(228) 
86 

(176) 
54 

(188) 
105 

(223) 
62 

(132) 
83 

(168) 

Signal 

peptide 
12 (20) 

13 

(20) 
12 (18) 

13 

(18) 
9 (16) 

11 

(16) 
20 (32) 

25 

(32) 

Glycosylati

on site 
0 (1) 0 (1) NA NA 0 (1) 1 (1) 0 (1) 0 (1) 

Cystine 

knot 
0 (5) 0 (5) 0 (5) 0 (5) 0 (5) 0 (5) 0 (5) 0 (5) 

Overall % 

identity 
57%  

58.1%

% 
41.8% 50.2% 70% 52.7% 51.7% 47.6% 

Percentage 

identity in 

key 

residues  

53.8% 50% 52.1% 
43.5%

% 
59% 50% 47.3% 34.2% 

P-value 

(Chi-square 

test) 
0.72 0.37 0.30 0.50 0.24 0.80 0.54 0.067 

P-value 

(Yates 

correction) 
0.89 0.49 0.40 0.63 0.35 0.90 0.66 0.099 

Table 3.3. Non-identical residues in metatherian and prototherian IL-17B to IL-25. The total 

number of residues for each animal and in each protein domain is presented within brackets. 

Chi-square tests with and without Yates correction were applied to the identical/non-identical 
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and important/non-important sum of residues to determine if they are significantly different and 

allow to infer a different function of the protein. 

Structural modelling of metatherian and prototherian IL-17A and IL-17F protein was 

performed based on published models of human IL-17A and IL-17F crystalised structure 

deposited in PDB (Figure 3.5A. and B. respectively). For both IL-17A and IL-17F, the 

overall 3D structure is similar to human IL-17s and the key residues are colour coded 

according to Figure 3.4. Both M. domestica and O. anatinus IL-17A modelling has a 

GA341 score of around 0.9, which indicates a reliable modelling (Figure 3.5D.). The only 

exception is the model of IL-17F from O. anatinus, which has a GA341 score of 0.2012, 

supporting the previous protein analysis which indicated significant difference in 

residues compared to the human IL-17F, including the presence of two arginines instead 

of the cysteine residues involved in the knot. Indeed, if we modify the IL-17F sequence 

for O. anatinus to replace the arginines with cysteines and repeat the modelling with 

human IL-17F, the overall tertiary structure seemed similar to the original platypus IL-

17F (Figure 3.5C.), but the GA341 score improves to 0.7776 (Figure 3.5D.), confirming 

that the differences in those two residues are critical for correct protein folding. 

Taken together, these findings suggest that all mammalian IL-17s share a similar amino 

acid composition, which might suggest they also have a similar tridimensional structure 

and similar function. IL-17F in prototherians is significantly different from eutherian 

mammals in key residues, suggesting that the protein might have acquired different 

structure and functions through evolution. 
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Protein GA341 score 

IL-17A M. domestica 0.9641 

IL-17A O. anatinus 0.9992 

IL-17F M. domestica 0.9192 

IL-17F O. anatinus (original) 0.2012 

IL-17F O. anatinus (R -> C modification) 0.7776 
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Figure 3.5. IL-17A and F protein structures in mammals. A. Structure superimposition of IL-17A 

in M. domestica (magenta) or O. anatinus (blue) based on human (yellow) protein structure was 

performed using PyMOD plug-in within PyMOL. Matching colour for the key residues 

(highlighted as in Figure 3.4.) are kept in the 3D structure. B. Structure superimposition of IL-17F 

in M. domestica (magenta) or O. anatinus (blue) on the basis of the human (yellow) structure. C. 

Tridimensional structure of O. anatinus IL-17F modified sequence (maroon) to revert R133 and 

R135 to cystines compared to the human IL-17F (left) or to original unmodified protein (right) D. 

Table summarizing the GA341 score obtained from the modelling for each protein. 

 

3.3.4 IL-17s are differentially expressed in female reproduction and fertility.  

To generate functional insight into IL-17s in mammalian reproduction, IL-17 

transcriptomes were analysed in datasets relating to female fertility. We aimed to 

determine whether there is a correlation between IL-17s expression and female fertility. 

Several transcriptomics datasets were collected and analysed to obtain the differential 

expression of IL-17s against the control samples and summarised in Table 3.4 and Figure 

3.6 for therian placentation and pregnancy and in Table 3.5 for human fertility. 

With regards to the expression of IL-17s during pregnancy, expression of IL-17s is 

upregulated during implantation and placentation in both metatherian and eutherian 

mammals. IL-17A is higher during metatherian placentation but is not found in the 

differentially expressed gene (DEG) lists in eutherian datasets, where instead IL-17D 

shows to be upregulated during placentation (Table 3.4). The log2 fold change values for 

the IL-17s expression levels retrieved from the analysis of pregnancy stages datasets in 

mouse and metatherian studies were plotted (Figure 3.6). In particular, it seems that IL-

17s reach their maximal expression when the placentation occurs in each organism.  
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Source Type of study 
Control 

sample 
IL-17A IL17B IL17C IL17D IL25 IL17F 

Knox, K., 

and 

Baker, 

G.C., 2008 

M.musculus 

Transcriptome 

throughout 

pregnancy 

Various 

pregnancy 

stages 

against post-

natal 

NA NA NA ↑* NA NA 

Xiao, S., et 

al, 2014 

M.musculus 

implantation 

transcriptome 

Day 4.5 

against day 

3.5 
↓* ↓* ↓* ↑* ↓* ↓* 

Hansen, 

V.L., et al, 

2016 

M. domestica 

transcriptome 

throughout 

pregnancy 

Late 

pregnancy 

stage (day 

13.5-14.5) 

against non-

pregnant 

↑* ↑ ↑ ↓ NA ↓ 

Griffith, 

O.W., et 

al, 2017 

M. domestica 

transcriptome 

before and 

during 

pregnancy 

Late 

gestation 

(13.5 day) 

against mid 

gestation (7 

day) 

↑* ↑ NA ↑ NA NA 

Marinic 

M., et al, 

2021 

M. domestica 

transcriptome 

throughout 

pregnancy 

Pregnancy 

stages 

against non-

pregnant 

↑* ↑ NA ↑ NA NA 

Guernsey, 

M.W., et 

al, 2017 

N. eugenii 

transcriptome 

throughout 

pregnancy 

Day 25 of 

pregnancy 

against day 

21 

↑ NA ↑ NA ↑ ↑ 

Table 3.4. Involvement of IL-17 family members in pregnancy stages. Table summarising 

expression of IL-17s in either eutherian or metatherian pregnancy-related datasets. Differential 

expression of genes (DEG) was calculated applying the Limma-voom method to the counts 

retrieved from available datasets using either the non-pregnant, post-pregnant or early 

pregnancy stages samples as controls for the analysis. As result of the DEG analysis, log2 fold 
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changes and adjusted p-values are generated for each gene. The relative expression changes of 

the IL-17s are summarised in the table with the arrow defining whether the fold change is 

increased (↑) or decreased (↓) compared to the control samples. NA corresponds to the 

absence of that IL-17s in the DEG table. The symbol * associated with the arrow means that the 

adjusted p-value for that IL-17 was below 0.05. 
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Figure 3.6. Involvement of IL-17 family members in pregnancy stages and placentation. Log2 

fold changes and TPM values obtained from DEG analysis of two metatherian datasets 

(Monodelphis domestica and Notamacropus eugenii) and eutherian mammals (Mus musculus) 

are plotted during pregnancy stages. The rectangle highlights when placentation process occurs 

in each animal. 

 

To summarize the findings related to human fertility datasets, IL-17B and IL-17D are  

upregulated in most of the datasets suggesting a role in fertility complications (Table 

3.5). IL-17D also seems to be significantly downregulated during the late stages of 

menstrual cycle if compared to the proliferative phase (Table 3.5). 
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Source Type of study 
Control 

sample 
IL-17A IL17B IL17C IL17D IL25 IL17F 

Talbi, 

S., et al, 

2006 

Human 

menstrual 

cycle 

transcriptome 

Later phases 

of cycle 

against 

proliferative 

phase 

NA NA NA ↓* NA NA 

Koot, 

Y.E.M., 

et al. 

2016 

Human 

Recurrent 

Implantation 

Failure (RIF) 

transcriptome 

RIF samples 

against 

healthy 

samples 

↑ ↑ ↑ ↓ ↓ ↑ 

Crosby, 

D., et al, 

2020 

Human 

transcriptome 

in WOI and 

correlation 

with 

pregnancy 

outcome 

Unsuccessful 

against 

successful 

pregnancies 

NA ↑ NA ↑ NA NA 

Gabriel 

M., et 

al, 2020 

Human 

endometriosis 

transcriptome 

Endometriosis 

against 

healthy 

samples 

similar ↑* similar ↑* similar similar 

Table 3.5. Involvement of IL-17 family members in human female reproduction and fertility 

complications. Expression of IL-17s in fertility related datasets. Differential expression of genes 

(DEG) was calculated applying the Limma-voom method to the counts retrieved from available 

datasets using either the healthy controls or the early proliferative phase of the menstrual cycle 

as controls for the analysis. The relative expression changes of the IL-17s are summarised in the 

table with the arrow defining whether the fold change is increased (↑) or decreased (↓) 

compared to the control samples. NA corresponds to the absence of that IL-17s in the DEG table. 

The symbol * means that the adjusted p-value for that IL-17 was below 0.05 in the DEG list. 
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3.4 Discussion 

 

These findings show conservation of IL-17 genes and proteins in mammalian clades. 

Among mammalian clades there is a certain level of genome conservation: around 

protein-coding regions, for example, eutherian mammals show an average percentage 

identity of approximately the 80%, whereas the percentage identity is lower in 

metatherian and prototherian, given that divergence happened at around 90 and 140 

million years ago respectively (362). Previous studies have shown conservation of 

proteins in the three clades and a particular interest has been posed for immune-related 

genes and proteins, such as MHC-locus conservation and antimicrobial peptides in 

mammals (363, 364). In this study, we highlighted the evolutionary conservation of 

cytokines belonging to IL-17 family. The genes encoding these proteins can be found in 

all mammalian genomes which have been sequenced so far and they also show a similar 

organization of upstream and downstream neighbouring genes. This suggests that they 

are part of a syntenic block and that also the flanking non-coding regions should have 

been conserved through evolution, thus confirming that promoter regions and 

regulatory elements may act in the same way in all the species analysed (365). Also, the 

fact that we could observe the same number of family members in each species, points 

out that IL-17s are orthologous which have been vertically transmitted from one species 

to the other (366).  

This finding is also confirmed by the reciprocal best-hits analysis and by the phylogeny 

of IL-17 proteins, which shows that all mammalian family members radiated from a 

common ancestor. Both IL-17A and F proteins share the same node and their genes both 

reside in the same chromosome in all mammals, suggesting that they have evolved from 

a recent gene duplication event. This finding has been previously described in other 

reports in which IL-17s were analysed in invertebrates and fishes, pointing out that gene 

duplication has happened before mammalian radiation (367, 368). Furthermore, the 

concatenated alignment of IL-17s allows us to retrieve a phylogenetic tree in agreement 

with the mammalian evolution (360), meaning that the overall amount of substitution 

per site in the protein sequence follows the expected evolutionary history, with 

prototherian being more distantly related to eutherian and metatherian IL-17s which 
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are more recently diverged sister taxa. Therefore, IL-17s in mammals are orthologous 

which have been inherited through evolution from the common mammalian ancestor 

of prototherian, metatherian and eutherian mammals. Through the evolution, these 

proteins were conserved with at least 50% identity, often more, confirming they must 

have retained the same function.  

Also, by looking at differences in individual amino acids in either Monodelphis domestica 

or Ornithorhynchus anatinus IL-17s compared to those in human, confirms the latter as 

the more different sequences, due to their longer evolutive distance since radiation 

from the common mammalian ancestor. Overall, IL-17s in mammalian clades are not 

appreciably different from the human proteins, with the exception for O. anatinus IL-

17F. In this protein certain key residues are different, especially the amino acids involved 

in a function. Among these residues, O. anatinus lacks the last two cysteines involved in 

the cystine-knot formation, which has a high impact in the secondary structure 

formation, as can be noticed by the low GA341 score obtained when modelling the 

protein on the basis of human IL-17F. When the two cysteines are introduced back in 

the sequence, indeed, it can be noticed an increase in the modelling score GA341, 

meaning that O. anatinus IL-17F has a different structure and, consequently, a different 

function if compared to the human one.  

Given the striking difference in the reproductive strategies in the three mammalian 

clades, we analysed fertility-related transcriptomic datasets to identify any differences 

in IL-17s which might be linked to the evolution of pregnancy. Analysis of transcriptomic 

datasets highlights an upregulation of IL-17s in in female fertility in both eutherian and 

metatherian mammals. In particular, IL-17D and IL-17B are upregulated in female 

fertility complication datasets. Intriguingly, IL-17A and IL-17F transcripts are generally 

not found (NA) or show similar levels of expression in the fertility complication datasets. 

This disagrees with other reports which suggest an active contribution of this cytokines 

in endometriosis (204, 205), suggesting that maybe this difference might be due to the 

timing of the sample collection for the transcriptomic analysis. Also, IL-17B and IL-17D 

are not known to be involved in fertility-related processes, mainly because other 

cytokines of IL-17 family are not well studied, so it would be helpful to obtain more 

insights on the expression and the function of these cytokines.  
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Looking at pregnancy and placentation datasets, a differential involvement of IL-17 

family member in different species can be noticed. Specifically, IL-17A is upregulated in 

Metatherian pregnancy and placentation, whereas in mouse implantation and 

placentation we see an upregulation of IL-17D. The previous analysis showed no major 

differences in either IL-17A or IL-17D in terms of key residue differences or structure, 

therefore it could be possible that through evolution IL-17A has somehow lost its 

involvement in placentation or IL-17D has gained a novel function in placentation. A 

possible explanation for the lack of IL-17A expression in eutherian mammals can be 

found in the ability of Decidualised Stromal Cells (DSC) to decrease IL-17A production 

by local immune cells (TH17 polarised T-cells) (369), despite other reports suggest an 

involvement in DSC in recruitment of TH17 cells and thus production of IL-17A used as a 

gradient for trophoblast adhesion (194).  

In both eutherian and metatherian mammals, involvement of the maternal immune 

response is pivotal to successful pregnancy. In particular, a pro-inflammatory 

environment is needed during embryo implantation and placentation; however the role 

for IL-17 in these mechanisms is still not well understood. Some reports suggest that IL-

17A in eutherian pregnancy is needed for  pregnancy establishment (187, 194), whereas 

a study performed by our group suggests that excessive IL-17A protein levels are 

detrimental for a successful pregnancy (214). This is in agreement with  other 

publications in which elevated levels of IL-17A protein have been associated with 

excessive inflammation leading to fertility complications  (205, 219, 225). Little is known 

about IL-17D, except for the fact that this cytokine seems to be more broadly expressed 

in the body but with a poor expression in lymphoid and myeloid cells (104). Similarly to 

the other IL-17s, IL-17D is able to induce a pro-inflammatory signature in endothelial 

cells and, in the presence of a viral infection or a tumour, it has been shown to mediate 

immunosurveillance (104, 106). However, in the case of a liver infection, IL-17D 

produced by hepatocytes was demonstrated to have anti-inflammatory roles as well. It 

is shown, indeed, to reduce cytotoxic T-cell response by suppressing dendritic cells 

activation (370). These reports demonstrate that IL-17D could exert different and more 

complex roles depending on the type of stressor or on the location where the process 

occurs.  
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Further studies are required to unravel the functions of the least characterised IL-17 

family members, in order to reveal their roles in female fertility. 
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Chapter 4: IL-17A production by endometrial epithelial cells  

 

4.1 Introduction 

 

4.1.1 Dysregulation of IL-17A leads to unsuccessful pregnancy in women undergoing 

Assisted reproductive technologiesMany fertility and pregnancy complications can be 

caused by dysregulation of the maternal immune response present in the female 

reproductive tract. Our group had previously performed a prospective study on a cohort 

of 20 women with UI who were undergoing assisted reproductive technologies. For our 

study, strict inclusion criteria were used, and the sample collection was rigorously 

performed at the mid-luteal LH+7 day on the cycle before the embryo was transferred. 

We first aimed to understand if there could be any dysregulation in their immune 

response that could explain their infertility. Furthermore, even though all the women 

were diagnosed with unexplained infertility, after ART 9  had a successful pregnancy, 

whereas11 failed to become pregnant (Figure 4.1)  (214). Thus, we focused to 

understand whether there were any differences in the immune response between the 

women who were able to become pregnant and those who failed to establish a 

successful pregnancy.  

 

Figure 4.1. Overview of the sampling strategy and the technologies used in our study in the 

unexplained infertility cohort (214).  
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The sample recruitment was performed in 2016, when it was suggested to perform an 

endometrial scratch in the menstrual cycle before embryo was transferred. The 

rationale behind performing endometrial scratches during ART cycles was based on a 

number of publications suggesting how, stimulating a wound-healing response in the 

endometrium, contributed in recapitulating the processes of decidualisation and 

trophoblast implantation, which are characterised by immune responses activation and 

thus resulting in a more receptive endometrium when embryo would be transferred 

(214). Other publications in 2019 had confirmed that scratching of the endometrium did 

not improve embryo implantation (214), the participants for our study were enrolled 

before those publications were released, therefore an endometrial scratch was 

performed on the mid-luteal phase of the menstrual cycle before the embryo transfer. 

Serum samples and endometrial biopsies were collected and were used to extract 

proteins and RNA from the biopsies. The RNA was used for RNA-seq analysis, and the 

data were correlated with pregnancy outcome (Figure 4.1) by retrieving the 

differentially expressed genes (DEG) of the unsuccessful pregnancies compared with the 

successful ones. In total, 204 DEG were identified in the unsuccessful group, which were 

used to perform pathway enrichment analysis (Figure 4.2A.). This retrieved several 

immune-related pathway, such as "regulation of inflammatory response” GO biological 

pathway, “cytokine binding” GO molecular pathway (Figure 4.2B)  and among the KEGG 

enriched pathway were identified “IL-17 signalling pathway”, “PI3K-Akt signalling 

pathway” and “cytokine–cytokine receptor interaction” (Figure 4.2C). 
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Figure 4.2. Overview of the RNA-seq results from our preliminary study (214). A. Volcano plot 

illustrating the 30 most DEGs between pregnant and not pregnant. Statistical analyses were 

performed using generalised linear model likelihood ratio test (EdgeR). B. ClusterProfiler 

functional annotation showing GO enrichment analysis of DEGs; groups reflect main categories 

of GO terms. Vertical and horizontal axes represent GO term and -log10 (P-value) of the 

corresponding GO term, respectively. C. KEGG pathway enrichment analysis of DEGs between 

pregnant and not pregnant. Left panel: horizontal axis indicates -log10 (P-value) of the 

corresponding KEGG classification (left). Right panel shows 33 genes involved in 7 KEGG 

pathways outlined on the left; bars below the gene names indicates whether a gene is up-

regulated (green) or down-regulated (red) in the not pregnant group. 

 

Given that “IL-17 signalling pathway” was shown to be the pathway with the higher -

log(P-value) and that IL-17A was shown to be increased in several diseases, including 

many fertility and pregnancy complications, it was then assessed if this cytokine showed 

different protein levels between the two groups.  Circulating and local (endometrial) 

levels of IL-17A were increased in women who failed ART cycle and we showed that 

systemic IL-17A higher than 30pg/mL can be used as a predictor for failed pregnancy 
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with 94% sensitivity (214). We also found that in women with unsuccessful pregnancy 

there is significant upregulation of IL-17A pathway activation, thus suggesting that IL-

17A might activate an excessive pro-inflammatory signature, which is preventing 

embryo implantation (214).  

This study however did not address several important aspects. One of them is where 

this increased IL-17A was coming from. Unfortunately, at the time of sample collection, 

the serum samples and the biopsies were snap frozen and a very small sample was 

obtained from each donor, making it impossible to perform flow cytometry to assess 

whether the women with increased IL-17A had also increased immune cell infiltration 

in the endometrium or even in circulation.  

The other aspect that this study could not expand was why IL-17A had caused 

implantation failure in the women who showed elevated levels of this protein. IL-17A 

shows a multifaceted role in female fertility, but several studies pointed out that an 

excessive activation of this cytokine is linked to unexplained infertility (212-214) and 

implantation failure (234). However, certain levels of IL-17A are required and 

considered normal for embryo implantation to occur. This is also confirmed by the fact 

that in our cohort the women with successful pregnancy displayed IL-17A protein levels 

which were approximately half of the amount identified in the unsuccessful women and 

yet they could carry on the pregnancy successfully. Therefore, it could be possible that 

IL-17A becomes problematic only when its levels are particularly increased.  

A last question that is still unanswered is how increased levels of IL-17A lead to 

implantation failure. Since both the groups had received a good to top quality embryo 

transferred, it is likely that the pregnancy outcome was determined by the receptivity 

of the women, mediated by changes in their window of implantation. For example, it is 

not clear what is the effect that IL-17A stimulation has on endometrial epithelial cells 

and even less is known with regards to what effect this cytokine has if it is upregulated 

during the stages leading to the opening of the window of implantation. 
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4.2 Hypothesis and aims 

 

We have identified an increase in local levels of IL-17A in the endometrium of women 

who failed to conceive after undergoing ART. Furthermore, in those patients there was 

significant activation of IL-17A pathway, with increased expression of some genes 

downstream of IL-17A such as MMP9, lipocalin-2, S100A9, IL-1β. This led us to 

hypothesize that in those women there must have been an excessive pro-inflammatory 

activation which has resulted in the inability of the embryo to implant. We therefore 

wondered how in those women the IL-17A levels were so high both systemically and 

locally and what could be the role of IL-17A in modulating endometrial epithelial cells 

receptivity.  

We hypothesized that in FRT non immune cells are responsible for IL-17A production; 

specifically, we wanted to explore the hypothesis that endometrial epithelial cells could 

induce IL-17A as a response to infections. We aimed to investigate the possibility of 

expression of IL-17A in epithelial cells from the FRT cells using tumour and primary cell 

lines, to better understand the role that this cytokine might have in infectious settings 

and the role it might have in reproduction complications. To address this hypothesis we 

used four approaches: 

1. We first needed to identify whether there were differences in the immune 

repertoires in endometrial tissue from the two groups of women. This will be 

explored by analysing immune cell signature in the bulk endometrial RNA-seq 

and in the expression of known immune cell markers; 

2. Analysis of the response of the endometrial adenocarcinoma Ishikawa cells to 

assess whether IL-17s can be stimulated by bacterial and viral ligands; 

3. Analysis of primary human endometrial epithelial cells (hEECs) response upon 

bacterial and viral ligands stimulation to assess their ability to express IL-17s; 

4. Exploration of the effect of IL-17A on Ishikawa and hEECs; 
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4.3 Results 

 

4.3.1 Immune cell population estimation in bulk RNA-sequencing identifies 

similarities between the two groups 

Given the difference in the levels of IL-17A in women with unexplained infertility who 

failed to carry on a successful pregnancy upon ART, we first wondered whether in their 

endometrial environment more immune cells, responsible for producing IL-17A, were 

present. In order to identify the cell composition in the endometrium, the normalised 

counts matrix obtained in the bulk RNA-seq was overlapped with immune cell-specific  

LM22 signature matrix, obtained from the profile of circulating immune cells (371). The overall 

immune-cell signature obtained between the successful and unsuccessful samples was 

similar (Figure 4.3A). Indeed, in Figure 4.3B is possible to see the signature for each cell 

type between the two sets of samples and it can be noticed that there are no statistically 

significant differences.   

Furthermore, since with the gene signature it is not possible to dig deep into the cell 

types responsible for IL-17A production, the normalised counts per million from the 

RNA-seq counts matrix were also graphed for the genes coding for markers associated 

with certain immune subsets. Figure 4.4A-F shows the counts per million values for 

markers used for identifying TH17 (CD4, RORC, AHR), ILC3 (RORC, AHR, NCR2, KIT) and 

NK cells (NCR2, NCAM1, KIT). Figure 4.4G-I shows the counts per million for markers 

used to identify TRM  cells such as CD69, CCR7, KLRB1, whereas Figure 4.4J-L shows the 

counts of the genes encoding for the chains of CD3 molecule, which is associated with 

the T-cell receptor in TH17, TRM and MAIT cells. It can be noted how, for all these genes, 

the counts per million are similar in the two sample sets, successful and unsuccessful. 

Thus, it does not seem that in the endometrial biopsies there was an enrichment in an 

immune cell type responsible for IL-17A production. 
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Figure 4.3. Immune cell composition of the endometrial samples from successful and 

unsuccessful pregnancies. The normalised counts per million matrix obtained from the RNA-seq 

was uploaded on the analytical tool Cibersortx (https://cibersort.stanford.edu/) along with the 

well validated immune-cell gene signature LM22. A. The resulting immune cells relative 

percentage matrix was used to build a heatmap for visualisation of the overall immune 

composition between the two sets of samples: P, pregnant (successful) and NP, non-pregnant 

(unsuccessful). B. The relative percentage values were averaged and graphed to show 

differences between the successful or unsuccessful pregnant group.   

 

https://cibersort.stanford.edu/
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Figure 4.4. Immune cell markers in the RNA-seq result from the successful and unsuccessful 

pregnant endometrial biopsies. The counts per million values associated with each gene of 

interest were graphed by sample (successful pregnancy or unsuccessful). A-F. Graphs show 

markers of TH17 (CD4, RORC, AHR), ILC3 (RORC , AHR, NCR2, KIT) and NK cells (NCR2; NCAM1; 

KIT); G-I. Markers associated with TRM cells (CD69, CCR7 and KLRB1) and in J-L. are plotted the 

counts associated with the accessory CD3 molecule, expressed in TH17, TRM and MAIT cells.  
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4.3.2 LPS has little effect on endometrial epithelial cells  

Since we failed to identify any differences in the immune cell population present in the 

endometrial biopsies responsible for IL-17A production, we wondered if endometrial 

epithelial cells were able to express and produce IL-17A and the other IL-17s. 

Given the role of IL-17A in activating immune response upon bacterial infection settings, 

we treated the endometrial epithelial adenocarcinoma cell line Ishikawa with different 

concentrations of bacterial lipopolysaccharide (LPS) for 6h and 24h. Ishikawa cells 

seemed to not be responsive to LPS challenge since no increase in CXCL8, which encodes 

for IL-8, production can be observed after the treatment (Figure 4.5A.). Surprisingly, IL-

17A mRNA expression was increased after only 6h of treatment with 1μg/mL LPS, as 

shown in Figure 4.5B, even though there is some variability among the biological 

replicates and the overall fold change is very small. Similarly, also IL-17B, IL-17D and IL-

25 expression was increased after 6h from the stimulation (Figure 4.5C., 4.5E. and 4.5F. 

respectively), whereas IL-17C expression increases after 24h from the stimulation 

(Figure 4.5D.). Interestingly, IL-17F, which encodes the IL-17F protein that often form 

heterodimers with IL-17A, did not show any modulation upon LPS treatment, suggesting 

that this cytokine is not involved in response to this PAMP (Figure 4.5G.).  
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Figure 4.5: Expression of IL-17 in endometrial epithelial cells upon LPS stimulation. Ishikawa 

cells were treated with 1μg/mL and 2μg/mL LPS for 6h and 24h. mRNA was extracted and qPCR 

performed to assess changes in IL-17 gene expression induced by LPS treatment relative to the 

housekeeping gene RPLP0. CXCL8 (IL-8) expression was monitored as a positive control for LPS 

stimulation (A.). Expression of IL-17 isoforms (IL-17A-F) was assessed (B. through G.). N≥3. 

Statistical test applied: Two-Way ANOVA with Dunnett correction for multiple comparisons. 

 

4.3.3 Endometrial epithelial cells produce IL-17A upon stimulation with viral 

ligands 

We wondered if other stimulations could induce IL-17A expression in endometrial 

epithelial cells. Not much is known about IL-17A production upon viral infection, 

therefore we treated Ishikawa cells with the synthetic double strand RNA viral analogue 

soluble high molecular weight (HMW) poly(I:C), which stimulates the antiviral response 
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through TLR3. Ishikawa cells were stimulated with a titration of poly(I:C) for 3h, 6h and 

24h. An earlier time point was added since antiviral responses in other epithelial cell 

models were shown to happen before 6h. Viral stimulation of Ishikawa cells significantly 

induced upregulation of IL-17A at 3h with 5μg/mL (Figure 4.6A.), even with a greater 

fold change than IFNB1 (Figure 4.6B.), encoding for IFNβ, a canonically induced 

mediator for antiviral immunity. Both IL-17A and IFNB1 show increased expression still 

at 6h,  with a lower fold change, and then they drop at 24h. The other IL-17s were not 

particularly modulated by poly(I:C) treatment, IL-17B and IL-17D showed no fold change 

if compared to the control  (Figure 4.6C. and 4.6E.). IL-17C and IL-25 showed an 

increased expression at 24h timepoint, although IL-25 has quite a big variation between 

the samples, therefore only IL-17C is significantly increased by 5μg/mL poly(I:C) (Figure 

4.6D. and 4.6F.). IL-17F again seems to not be induced by the treatment, as it shows 

only an average fold change of 2.5 in cells treated for 3h with 5μg/mL poly(I:C) (Figure 

4.6G.).  

 

Our preliminary results suggest that both the bacterial and the viral ligands seem to 

induce an increase in IL-17A expression, thus suggesting that epithelial cells can be 

induced to express this cytokine to fight infections. In particular, Ishikawa cells 

demonstrated to be more responsive to poly(I:C) stimulation than to LPS.  
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Figure 4.6. IL-17A expression is increased by simulated viral infection in Ishikawa cells. 

Ishikawa cells were treated with a titration of soluble High Molecular Weight (HMW) poly(I:C): 

10, 5 and 1μg/mL for 3h, 6h and 24h. RNA was extracted from treated cells and expression of 

genes of interest (IFNB1 and IL-17A-F) was measured by qPCR using RPLP0 as a housekeeping 

reference. N≥3. Statistical test applied: Two-Way ANOVA with Dunnett correction for multiple 

comparisons. *p<0.05; **p<0.002. 

 

4.3.4 RORγt signalling is present in endometrial epithelial cells 

RORγt is the master regulator of IL-17A expression in immune cells but, according to the 

Human Protein Atlas database, it is expressed by a wide variety of cell types and tissues. 

Another molecule that has been associated with IL-17A expression is HIF1α. We 

wondered whether, in the bacterial or the viral stimulation, we could identify activation 

of RORγt or HIF1α. 

We started by analysing the fold change induced in RORC, the gene coding for RORγt 

upon LPS stimulation in Ishikawa cells. As it can be noticed in figure 4.7A, Ishikawa cells 

express RORC, however the expression is not changed upon LPS stimulation, so as the 

expression of HIF1α (Figure 4.7B.). IL-23A and IL-12B are the genes coding for IL-23α 

and IL-12β, the two subunits forming IL-23 which is responsible for RORγt activation and 

IL-17A production. It was noted that IL-12B expression is upregulated in cells treated for 

6h with 1μg/mL LPS (Figure 4.7C.), which is the same concentration that induces IL-17A 

over-expression. IL-23A expression is not modified by LPS treatment instead (Figure 

4.7D.). 
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Figure 4.7. Influence of LPS on pathways upstream of IL-17A production. Ishikawa cells were 

treated with 2 and 1μg/mL LPS for 6h and 24h and RNA extracted. qPCR was performed to 

determine the impact of LPS treatment on epithelial expression of RORC (RORγt coding gene) 

(A.), HIF1α (B.) and two subunits of IL-23: IL-12B (C.) and IL-23A (D.). Housekeeping reference 

gene used was RPLP0. n=4. Statistical test applied: Two-Way ANOVA with Dunnett correction for 

multiple comparisons.  

 

The modulation of the molecules involved in IL-17A production was also monitored in 

Ishikawa cells treated with poly(I:C). As for LPS treatment, RORC, IL-23A and HIF1α 

expression is not affected by the viral stimulation (Figure 4.8A. , B. and D.), but IL-12B 

is significantly upregulated in cells treated with 5μg/mL poly(I:C) for 3h (Figure 4.8C.), 

which again is the same timepoint and concentration inducing IL-17A increased 

expression. Given that transcription factors, such as RORγt, are generally not 

transcribed ex novo whenever they get activated, the fact that we did not detect any 

change in RORC expression could be due to the fact that the protein is more affected by 

the stimulation. We therefore checked whether Ishikawa cells treated with 5μg/mL 
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poly(I:C) and for shorter timepoints show different protein levels if compared to the 

control via immunostaining for RORγt using flow cytometry. This confirmed that 

Ishikawa cells do have RORγt protein, however the protein levels are not affected by 

poly(I:C) treatment as it can be noticed no change in both the percentage positivity of 

live cells (Figure 4.9A.) or the Median Fluorescence Intensity (MFI) (Figure 4.9B.) signal 

between the control or the treated cells.  
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Figure 4.8. Activation of RORγt signalling in Ishikawa cells treated with poly(I:C). Ishikawa cells 

were treated with 10, 5 and 1μg/mL poly(I:C) for 3h, 6h and 24h. RNA was extracted, and qPCR 

was performed to determine modulation induced by the treatment on RORC (RORγt coding gene) 

(A.), HIF1α (D.) and two cytokines, IL-12B (C.) and IL-23A (B.). n=4. Statistical test applied: Two-

Way ANOVA with Dunnett correction for multiple comparisons. **p<0.002; ****p<0.0001. 
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Figure 4.9. Ishikawa cells express RORγt protein. RORγt protein was detected in Ishikawa cells 

treated with 5μg/mL poly(I:C) for 1h, 3h and 6h; cells were stained for flow cytometry using a 

fluorophore-conjugated antibody specific for RORγt. Flow cytometry was also performed on 

unstained cells and on cells stained for a viability dye but not with RORγt antibody (FMO or 

Fluorescence Minus One). RORγt staining was calculated as percentage of positive cells 

compared to the live cells (A.) or by calculating the Median Fluorescence Intensity (MFI) (B.). The 

data obtained with flow cytometry was also graphed in C., with FSC-A on the Y-axis and the 

readout for the RORγt-conjugated antibody with Alexa-Fluor 647 on the X-axis. n=4. 
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These results confirmed that Ishikawa cells have both mRNA and protein expression of 

the transcription factor responsible for IL-17A transcription. Furthermore, the upstream 

activator of RORγt signalling, IL-12B, shows a significantly increased expression in the 

same treatments’ concentrations and timepoint where it can be found IL-17A increased 

expression. No changes can be observed in RORγt protein between control and treated 

cells, however, is possible that the signalling activation leads to RORγt translocation in 

the nucleus, rather than in increased protein levels. 

 

4.3.5 IL-17A induces a pro-inflammatory mucosal signature in endometrial 

epithelial cells  

Once it was established that endometrial epithelial cells can produce IL-17A upon 

infection, we wondered what effect it would have in those cells. Therefore, Ishikawa 

and primary human endometrial epithelial cells (hEEC) were treated with a titration of 

recombinant IL-17A (rIL-17A) and expression of target genes known to be induced by 

rIL-17A stimulation was analysed. Figure 4.10 shows that pro-inflammatory genes 

associated also to mucosal immunity are activated in response to IL-17A stimulation, 

these comprise chemokines (CXCL8, Figure 4.10A. and 4.10B.) and AMPs belonging to 

two different classes, the whey acidic protein (WAP) family (PI3, also known as Elafin, 

Figure 4.10C. and 4.10D.) and the S100As family (S100A9 and S100A8, Figure 4.10E-H). 

The expression relative to the treatment in Ishikawa cells is displayed on the left of the 

figure panel and on primary hEEC cells on the right. Both cell models responded to IL-

17A stimulation, even though hEEC cells show a significantly greater response. In 

Ishikawa cells CXCL8 expression is enhanced at 24h timepoint for all the three doses 

(Figure 4.10A.), whereas in hEEC cells the chemokine expression is significantly 

increased already at 6h in a dose-dependent manner (Figure 4.10B.). For the AMPs 

PI3/Elafin and S100A9 both these cell models respond at the same timepoint, with 

increased expression of PI3/Elafin at 6h (Figure 4.10C. and 4.10D.) and S100A9 reaching 

significantly higher expression levels at 24h in hEEC and Ishikawa (Figure 4.10F. and E., 

respectively). On the other hand, it seems that Ishikawa cells do not modulate S100A8, 
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given that its expression is not affected by the treatment, whereas hEEC show a 

significant dose-dependent increase in S100A8 expression after 24h rIL-17A treatment.  

Furthermore, treatment in both cell models with rIL-17A resulted in increased IL-17A 

expression, as a sort of positive feedback. Indeed, treatment with 100, 10 and 2ng/mL 

rIL-17A for 6h resulted in increased IL-17A expression in Ishikawa (Figure 4.11A.) and in 

hEEC cells treatment with 50ng/mL induced a significant increase of IL-17A at 6h, even 

though also other concentrations increased its expression but not significantly (Figure 

4.11B.). At 24h the expression of IL-17A is then reduced in both models. 

IL-17A treatment in hEEC, which are a better model for understanding what would 

happen in vivo, activates the mucosal response by inducing CXCL8 and some AMPs as 

early as 6h, and other AMPs such as S100A8 and S100A9, after 24h from the treatment. 

Also, we noticed that there might be in place a positive feedback loop since IL-17A 

treatment induces an early IL-17A expression in endometrial epithelial cells. IL-17A 

expression is then reduced at 24h, thus suggesting that these cells can potentiate the 

mucosal response in early timepoints of infection settings, but then they shut down IL-

17A expression, possibly to avoid excessive pro-inflammatory signalling activation.  
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Figure 4.10. A response characteristic of mucosal inflammation is activated in endometrial 

epithelial cells by IL-17A. Ishikawa and hEEC cells were treated with recombinant IL-17A (rIL-
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17A) at 100, 10 and 2ng/mL in Ishikawa cells and 50, 10, 2 and 0.4ng/mL in hEEC for 6h and 24h 

(100ng/mL was not used in hEEC due to a low response to this dose in Ishikawa cells). RNA was 

extracted and gene expression measured by qPCR. IL-17RA and IL-17RC expression was 

confirmed in both cell models (see method). Relative gene expression in Ishikawa cells is 

displayed on the left of the panel: CXCL8 (A.), PI3/Elafin (C.), S100A9 (E.) and S100A8 (G.). Gene 

expression in hEEC is displayed on the right of the panel: CXCL8 (B.), PI3/Elafin (D.), S100A9 (F.) 

and S100A8 (H.). N≥3. Statistical test applied: Two-Way ANOVA with Dunnett correction for 

multiple comparisons. *p<0.05; **p<0.002; ***p<0.0002. 
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Figure 4.11. rIL-17A treatment increases IL-17A expression in endometrial epithelial cells. 

Ishikawa and hEEC cells were treated with a titration of rIL-17A: 100, 10 and 2ng/mL in Ishikawa 

cells and 50, 10, 2 and 0.4ng/mL in hEEC for 6h and 24h. RNA was extracted, and gene expression 

measured by qPCR. IL-17A expression was measured in Ishikawa (A.) and in hEEC (B.). N=3. 

Statistical test applied: Two-Way ANOVA with Dunnett correction for multiple comparisons. 

*p<0.05. 
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4.4 Discussion 

 

Given the observation of increased IL-17A protein and IL-17A activated pathway in 

women with unexplained infertility, we wondered if an increased percentage of immune 

cells in those samples might be responsible for the local IL-17A production. Although 

bulk RNA-seq was performed, and there was no remaining tissue suitable for 

immunohistochemistry, we decided to apply a tool that has recently been developed to 

identify the abundance of a specific cell population by using a gene signature showed 

by certain cell-types (371). Using the well validated immune-cells gene signature, we 

could not identify any differences in the percentage abundance between the two 

sample sets (Figure 4.3). It could be possible that the gene matrix chosen was not the 

best model since it is derived from genes expressed in circulating immune cells. In the 

female reproductive tract the resident immune cells show a very different phenotype 

compared to circulating ones (185), thus it could be possible that a matrix obtained from 

resident immune populations would be more powerful in estimating the abundance of 

immune cells between the two groups. Another indication that the gene matrix chosen 

was not the best model can be noticed in the overall proportion of immune cells present 

in the samples, which sees resting CD4+ memory T-cells as the most abundant immune 

population in the endometrium, followed by NK cells which only represent 10-15% of 

the immune population. However it is known that during the mid-luteal phase, when 

the biopsies were collected, the most abundant immune cell population are dNK cells 

which reach up to 40-60% of the total immune cells (20). It is still possible that the 

method chosen for sampling might have collected only the epithelial layer of the 

endometrium and not reach the decidua, where dNK cells are more abundant (20). 

 looking at The normalised counts per million obtained in the result from the RNA-seq 

were also analysed. However even with this approach it was not possible to identify  

differences between the samples obtained from women who had a successful or 

unsuccessful pregnancy outcome (Figure 4.4). Of course, this approach is not enough to 

exclude differences between immune cell populations, given that other approaches, 

such as immunostaining or flow cytometry, are more reliable in picturing what the 
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immune milieu could have been, but were not feasible due to impossibility in 

performing them retrospectively.   

Since we could not identify striking differences between the immune cells in the two 

sample sets and given that epithelial cells have important roles in local immune 

responses, beyond acting as a simple barrier for pathogen entry, we wondered whether 

these cells could produce IL-17A. Since IL-17A is released upon bacterial infection, we 

first assessed whether LPS treatment would modulate IL-17A expression using the 

endometrial epithelial adenocarcinoma cells Ishikawa. These cells derive from a 39 year 

old woman and it is widely used as an endometrial epithelial cell model, especially 

studies involving treatment with hormones since these cells can respond to hormonal 

stimulation (372). There is contrasting evidence regarding the expression of TLR4 in 

Ishikawa cells. According to some studies Ishikawa cells very weak expression of TLR4 

(373), whereas other studies reported positivity for such TLR via immunohistochemistry 

and real time PCR (374) and in this study it was also reported very little reactivity against 

LPS. In our model it was confirmed that the relative abundance of TLR4 transcript in 

Ishikawa was much smaller if compared to primary human endometrial epithelial cells 

(Figure 2.3B.). This could explain why treatment with LPS did not induce increase in 

CXCL8 expression in this cell model and why the fold changes observed were very small 

(Figure 4.4). IL-17A expression shows a tenuous increase by 6h LPS stimulation, with no 

fold increase for 2 out of 4 biological replicates (Figure 4.5B.). Furthermore, IL-17F, 

which is shown to be co-expressed with IL-17A to form heterodimers (109), is not 

significantly increased by this stimulation(Figure 4.5G.), suggesting that in some settings 

IL-17A homodimer could be forming, rather than the IL-17A/F dimer. The reduced 

expression of TLR4 and responsiveness to LPScould be explained by the fact that 

epithelial cells at mucosal sites are often found to interact with the local microbiome, 

thus they show less sensitivity to bacterial stimulation to avoid excessive immune 

response against commensals.  

We next wondered whether viral stimulation could induce IL-17A release by 

endometrial epithelial cells. Ishikawa cells had been previously shown to express and 

present TLR3 although this was not enough to induce a response to the viral ligand 

analogue poly(I:C) (374). Once again, TLR3 relative abundance in Ishikawa was found to 
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be much smaller if compared to primary human endometrial epithelial cells (Figure 

2.3C.). Furthermore,  only IL-17D was shown to be involved in viral infection and 

clearance among the members of IL-17 cytokine family   (104). Treatment of Ishikawa 

cells with the viral ligand analogue poly(I:C) resulted in the activation of the antiviral 

response through increase of IFNB1 gene at early timepoint such as 3h (Figure 4.6B.). 

The treatment with this PAMP induced a significant increase in  IL-17A expression  after 

3h from the treatment (Figure 4.6A.). Of note, IL-17A fold increase in Ishikawa cells is 

much higher than the one obtained for IFNβ, a molecule known to be actively involved 

in viral response. IL-17F expression, is again not modulated in Ishikawa cells (Figure 

4.6G.). It is interesting to note that IL-17A fold change returns comparable to the control 

after 24h from both stimulations, confirming that endometrial epithelial cells express 

this cytokine transiently, in order to prevent excessive pro-inflammatory activation. 

IL-17A expression is modulated by the transcription factor RORγt and is induced by IL-

23, which is formed by two subunits  IL-23α and IL-12β (111, 147). We would expect to 

identify changes in either RORγt or IL-23 subunits expression in the cells treated with 

LPS and poly(I:C) showing increased IL-17A expression. RORC (encoding for RORγt) and 

IL-23A expression is not modulated by the treatments, similarly to HIF1α expression, a 

transcription factor involved in transcription of RORC mRNA (Figure 4.7 and 4.8). IL-12B, 

on the other hand, is significantly increased in both LPS and poly(I:C) treated cells, in the 

same doses and timepoints showing IL-17A increased expression (Figure 4.7C. and 

4.8C.). We then wondered if the protein expression of RORγt would be upregulated by 

poly(I:C) treatment. Flow cytometry for RORγt positive cells, however, did not show 

differences between the control and treated samples (Figure 4.9A. and 4.9B.), even 

adding earlier timepoints, when transcription factor activation would be likely to 

happen before mRNA transcription. Therefore, we identified IL-12B significantly 

increased by the stimulations, but no changes in either RORγt mRNA or protein levels 

(Figure 4.7, Figure 4.8 and 4.9A.). These results, however, do not exclude RORγt 

activation. When transcription factors are activated, they generally migrate from the 

cytoplasm to the nucleus for allowing a fast response. Other approaches, such as 

immunofluorescence or western blotting for cytosolic and nuclear RORγt, would be 
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more indicated for confirming if this transcription factor is activated or not by these 

stimulations.  

We observed a significant increase of IL-17A expression by poly(I:C) stimulation as well 

as increase in the upstream cytokine IL12B, which was not observed for LPS. In both 

cases, there is quite variability between the biological replicates, with some replicates 

showing a very little fold change, thus it is still questionable whether the Ishikawa cell 

line can produce IL-17A. Ishikawa cells are an adenocarcinoma cell line, and it is known 

that immortalised cells show an altered glucose metabolism with preferential energy 

source being anaerobic glycolysis, a phaenomenon known as Warburg Effect. For this 

reason, immortalised cell line might show a different physiology if compared to primary 

human cells, therefore repeating these experiments in hEEC cells would clarify if these 

results and the fold changes observed would be consistent. Furthermore, other models 

have been developed which can better resemble the complexity of the interaction 

found in the endometrium. In our model, a 2D culture of Ishikawa cells can be useful to 

see the response of epithelial cells per-se, however this model does not consider both 

the polarisation of the epithelial cells and the communication with the underlying 

stromal cells. Several studies use endometrial organoids consisting of a 3D culture of 

both epithelial and stromal endometrial cells which better recapitulate the polarisation 

of the epithelial layer as well as maintaining the interaction between the epithelium and 

the stromal cells (375, 376).  

We then wondered what effect this cytokine would stimulate on those cells. As already 

mentioned above, IL-17A binds to its receptors, IL-17RA-IL-17RC, which are expressed 

by a wide variety of cells including epithelial cells (50). In mucosal sites, binding of IL-

17A to its receptors activate the transcription of various molecules involved in the 

mucosal response, such as chemokines and AMPs (Figure 1.5). Treatment of Ishikawa 

and hEEC with recombinant IL-17A recapitulated these  processes. Indeed, it induced 

CXCL8, PI3 and S100A9 expression in both Ishikawa and hEEC cells, even though some 

genes were upregulated at 6h and other at 24h (Figure 4.10) confirming that, within IL-

17A pathway, there are some genes upregulated earlier than others. We also noticed 

that there is a potential positive feedback induced by IL-17A treatment, as we observed 

increased IL-17A expression after 6h from the  treatment (Figure 4.11). As for the other 
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stimulations, IL-17A expression decreases after 24h of stimulation, thus confirming that 

in these cell models IL-17A pathway is turned off for preventing exacerbated 

inflammation.  
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Chapter 5: The uterine microbiome and the microbial 

metabolite butyrate stimulate pro-inflammatory responses 

in the human female reproductive tract 

 

5.1 Introduction 

 

5.1.1 Microbial-derived metabolites in the FRT 

5.1.1.a Lactic acid  

Lactic acid is the most abundant metabolic by-product produced by healthy vaginal 

microbiota, reaching a concentration of approximately 110mM (377). This is produced 

mainly by Lactobacillus spp. which use glycogen as carbon sources to produce this 

metabolite in either its D- or L- conformation (378). These isoforms are differently 

produced by different Lactobacilli strains, with L. iners being able to only produce the 

D-isoform (379), which is more associated with prevention of Chlamydia infection (380).  

Lactic acid plays important roles in protection of vaginal homeostasis through lowering 

the pH, which in healthy condition is around 3.5 but, in the case of dysbiosis such as in 

bacterial vaginosis, it reaches pH  >4.5 (273).  Conversely, in the endometrium the pH is 

higher (381), with a mean pH approximately around 7-7.5. The pH in the endometrium 

was shown to be highly variable during the menstrual cycle, reaching pH 6-6.5 during 

the secretory phase (382). Thus, is possible that in the endometrium the lactic acid 

content is not as high as in the lower vaginal compartment. Two recent studies 

highlighted how elevated levels of lactic acid or lactate in the endometrium (>1ppm) 

correlate with endometriosis and unsuccessful embryo transfer in women with 

recurrent implantation failure (383, 384).   

5.1.1.b Short chain fatty acids  

In healthy vaginal fluid, small amounts of short chain fatty acids have been identified, 

such as acetate, propionate, butyrate, isobutyrate, and succinate (385, 386). These are 
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molecules constituted by less than six carbon atoms and are produced by anaerobic 

bacteria using polysaccharides such as glucose, galactose, fucose or pentoses (261). In 

bacterial vaginosis or in non-specific vaginitis, a significant increase in the SCFA content 

in the cervicovaginal mucus it has been observed, due to the decrease in Lactobacillus 

spp. and increase in Bacterial Vaginosis-associated bacteria (BVAB) (387). As a result, 

acetate becomes the most abundant metabolite, with a concentration around 120mM, 

followed by lactate (<20mM)(388), and propionate and butyrate with much lower 

concentrations <2-4mM (389). Given that there is no consensus on the endometrial 

microbiome which it has recently being investigated, there is no information yet 

regarding SCFAs content of this compartment. Given the lower microbial biomass 

present in the endometrium, is possible that the metabolite concentration might be 

lower than the one observed in the lower reproductive tract (250, 254). 

5.1.2 Bacterial species producing SCFAs 

Most studies regarding the production of SCFAs have been performed in the gut. Here, 

it seems that there are certain microbial species associated with the production of each 

SCFA (Table 5.1). It was also observed to happen cross feeding between different 

microbial species, where intermediate products for production of a given SCFAs can be 

used by another microbial specie to produce a different SCFAs (261). In the FRT, and 

specifically in the vaginal compartment, SCFAs are mainly produced during dysbiosis 

caused by expansion of BVAB: Gardnerella, Atopobium, Prevotella, Mobiluncus, 

Megasphaera, Dialister, Sneathia, Leptotrichia, Streptococcus, Bacteroides, 

Mycoplasma, Clostridiales BVAB 1, 2, 3 (273). Among those species, SCFAs production 

has been well characterised for some of them, such as Gardnerella vaginalis has been 

shown to produce acetate and species from Peptococcus spp. are able to produce both 

acetate and butyrate (386). Similarly, Prevotella, Gardnerella and Mobiluncus spp. are 

mainly able to produce succinate and acetate and lower amounts of butyrate, 

propionate and valerate (388). Interestingly, in a gut model of infection with Prevotella 

spp., it has been shown a significant decrease in acetate and increase in butyrate, even 

though this effects were not due to direct butyrate production by Prevotella (390).  
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SCFA Bacterial phylum Bacterial species Reference 

Acetate Actinomycetota 

 

 

Firmicutes 

Bacillota 

Bacteroidota 

Bifidobacterium spp.A 

Gardnerella vaginalisA 

Mobiluncus spp.A 

Clostridium spp.A 

Peptococcus spp. 

Prevotella spp.A 

(261) 

(386, 388) 

(388) 

(261) 

(386) 

(388) 

Butyrate Firmicutes 

 

 

 

 

Bacteroidota 

 

Actinomycetota 

 

 

Bacillota 

F. prausnitziiB 

RoseburiaB 

Anaerostipes spp.B 

Eubacterium spp.B 

Ruminococcus spp.A 

Bacteroides spp.A 

Prevotella spp.A 

Bifidobacterium spp.A 

Mobiluncus spp.A 

Gardnerella spp.A 

Peptococcus spp. 

(261, 391) 

(261, 391) 

(261) 

(261, 391) 

(261, 391) 

(261) 

(388) 

(261) 

(388) 

(388) 

(386) 

Propionate Verrucomicrobiota 

Bacteroidota 

 

Actinomycetota 

 

Akkermansia 

municiphillaA 

Bacteroides spp.A 

Prevotella copriA 

Bifidobacterium spp.A 

(391) 

(261) 

(261, 388) 

(261) 

(388) 
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Table 5.1. Bacterial species responsible for production of the more abundant SCFAs in the gut 

and FRT. ADirect production by the microbial specie; BProduction derived by cross feeding from 

an intermediate product. 

 

5.1.3 Mechanisms of SCFAs modulation on immunity 

Interestingly, SCFAs show different immunomodulatory abilities depending on the 

organ where they are produced. Indeed in the gut SCFAs are extremely important for 

maintaining healthy homeostasis of gut epithelial cells as well as inducing an anti-

inflammatory environment and tolerance in immune cells (392, 393). Conversely, in the 

FRT these molecules are associated with a pro-inflammatory signature and activation of 

mucosal responses in epithelial cells (261, 273). 

5.1.3.a Anti-inflammatory and protective actions in the gut  

In the human gut SCFAs are produced mainly by Firmicutes converting the starch fibres 

into acetate, propionate and butyrate in a proportion of 60:20:20 (394). The 

concentrations are highly variable and depend on the ethnicity, the diet and the location 

where the SCFA are measured, but generally acetate shows an higher concentration in 

the colon, ranging from a mean value of 39 to 87mM and is followed by propionate and 

butyrate, which show a much lower concentration of approximately 12-20mM (392). In 

the gut, SCFAs can permeate intestinal epithelial cells and immune cells by using 

monocarboxylate transporters, MCT1 and MCT4, as well as engaging G-protein coupled 

receptors such as GPR41 and GPR43, leading to AMP- and phospholipase C-dependent 

pathways activation (392).   

 

Firmicutes 

 

 

 

Mobiluncus spp.A 

Gardnerella spp.A 

Veillonella spp.A, 

Eubacterium haliiA 

Anaerostipes spp.A 

Ruminococcus spp.A 

(388) 

(261) 

(261) 

(261) 

(261) 
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Involvement of SCFAs in gut epithelial cell homeostasis 

The effect that SCFA have on epithelial cells are various and contribute heavily to 

maintain the healthy homeostasis, as confirmed by various models of germ-free mice 

showing impaired gut functions (Figure 5.1) (395, 396). SCFAs have been shown to 

induce epithelial cell proliferation and turnover (395), despite butyrate has been shown 

to inhibit intestinal stem cells proliferation, therefore this metabolite is generally 

metabolised by colonocytes before reaching the crypts, where the proliferating stem 

cells are located (397). Butyrate is indeed the main energy source for colonocytes 

leading to Acetyl-CoA production through the TCA cycle (398, 399). Furthermore SCFA, 

and particularly butyrate, help in maintaining the epithelial barrier by inducing tight 

junction protein expression and leading to increased transepithelial electrical resistance 

in several in vitro models (400, 401). Intracellular butyrate has been shown to consume 

oxygen and stabilise the transcription factor hypoxia-inducible factor (HIF)-1, which is 

also involved in mediating epithelial barrier integrity (396, 402). Butyrate also promotes 

barrier function in intestinal epithelial cells through enhancing the secretion of mucins 

(403).   

Immunomodulatory effects of SCFAs in the gut  

SCFAs in the gut are associated with anti-inflammatory responses induced in both the 

intestinal epithelial cells as well as in the immune cells (Figure 5.1). Butyrate was shown 

to inhibit lipopolysaccharide (LPS)-induced Nf-κB activation in human and mouse colon 

models (404), whereas acetate shows a protective role in the epithelium by inducing 

NLRP3 inflammasome activation (405). In LPS-stimulated monocytes and PBMCs, SCFAs 

induce the release of prostaglandin E2 (PGE2) and of the anti-inflammatory IL-10 

cytokine (406). The presence of butyrate during the differentiation from monocytes to 

macrophages was shown to imprint an antimicrobial activation program through HDAC3 

inhibition (407). As a result, these macrophages upon infection have shown a faster 

response mediated by expression of AMPs, lysozyme, cytokines and chemokines 

without causing an exacerbated inflammatory response (407). Butyrate HDAC inhibitory 

action is also responsible in mediating the shift of CD4+ cells from a pro-inflammatory 

TH1/TH17 phenotype towards the anti-inflammatory TREG phenotype, in the gut and in 

the thymus (408-410). Thus, HDAC inhibitors such as butyrate and propionate show 
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protective roles against inflammatory bowel diseases, as demonstrated by mice models 

of hyperacetylation and how these result in dampening the highly pro-inflammatory 

environment seen in colitis (409, 411). Recently have been identified butyrylation and 

beta-hydroxybutyrylation as two novel epigenetic modifications leading to activation of 

gene transcription, in contrast to acetylation with which have been demonstrated to 

compete for histone binding (329, 412). 

5.1.3.b Pro-inflammatory actions in the vagina  

Within the FRT, only vaginal SCFAs have been studied, even though not extensively as 

in the gut and, some of the studies mentioned in this section, would not have focused 

on highlighting the specific actions of SCFA, but rather mimicked the infection in vitro. 

Since SCFAs are the main metabolites produced upon infections, thus the processes 

described in this section are most likely related to SCFA stimulation. As mentioned 

earlier, in the FRT high amounts of SCFAs are produced upon infections/dysbiosis caused 

by decrease in lactic acid producing bacteria Lactobacillus spp. Once produced in the 

vagina, SCFAs contribute to sustain the dysbiosis by increasing the pH and by favouring 

polymicrobial growth through a mutualistic metabolite exchange that favours 

pathogenic species takeover (413) (Figure 5.1). This action is also obtained by impairing 

the antimicrobial response whilst causing a pro-inflammatory environment in both 

epithelial and immune cells.  

Harmful effects of SCFAs on epithelial cells 

Acetate, succinate, and butyrate stimulation of vaginal epithelial cells impairs the 

recruitment of neutrophils and monocytes by dampening the release of chemokines 

such as RANTES and CXCL10 (388, 414). Vaginal epithelial cell stimulation with BV-

associated bacterial strains also induced pro-inflammatory cytokine release (IL-6, IL-8, 

IL-1β, TNFα) as well as release of antimicrobial peptides such as defensins (415, 416). 

Also, upon BV a reduction in epithelial cells of the secretory leukocyte protease inhibitor 

(SLPI) has been noted. SLPI is a molecule involved in inactivating serine proteases used 

by immune cells, which has a protective role for epithelial cells in inflammatory settings 

(417) (Figure 5.1).   
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Pro-inflammatory activation of immune cells mediated by SCFAs 

SCFAs also elicit pro-inflammatory responses in immune cells (Figure 5.1). Megasphaera 

elsdenii and Prevotella timonensis, two species associated with SCFA production (388, 

418), have been shown to induce maturation of dendritic cells (DC), resulting in 

increased expression of cytokines and chemokines such as IL-1β, IL-6, IL-8 and TNFα 

(419). Furthermore, DC matured in the presence of P. timonensis were able to polarize 

CD4+ T-cell maturation into the pro-inflammatory phenotype TH1, thus suggesting that 

in infections there must be species-specific actions associated with every microbial 

invader (419). Acetate and butyrate stimulation of PBMCs using mucosal sites 

concentrations (20mM) led to increased release of pro-inflammatory mediators (IL-8, 

IL-6 and IL-1β) (420). Despite lower concentrations (2mM) of acetate and butyrate 

stimulations alone did not elicit a significant response, they greatly enhanced PBMCs 

responsiveness when co-stimulated with TLR2 (Pam2CSK4) and TLR7 (imiquimod) 

ligands (420).  

 

Figure 5.1. Immunomodulatory roles of short chain fatty acids (SCFAs) in the gut and vagina. 

Microbial-derived SCFAs (acetate, butyrate and propionate) promote homeostatic functions in 

the gut by promoting barrier integrity and suppressing pro-inflammatory activities, resulting in 

a tolerogenic environment. In the vagina, SCFAs promote dysbiosis with decrease of 

Lactobacillus spp and increase in the local pH. Furthermore, they also promote pro-inflammatory 

cytokine release and activation of immune cells driving inflammation such as TH1 T-cells. PGE2, 
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prostaglandin E2; AMPs, antimicrobial peptides; TH17, CD4+ T-cells with IL-17A-producing 

phenotype; TREG, CD4+ T-cells with regulatory and anti-inflammatory phenotype; DC, dendritic 

cells; TH1, CD4+ T-cells with pro-inflammatory phenotype. Adapted from (261).  

 

5.1.4 Crosstalk between mucosal responses and the microbiome  

It is now known that commensal bacteria and mucosal immunity are in continuous 

crosstalk each other, with bacteria educating the immune response and the immune 

cells being constantly surveillant over eventual infections. Very little is known about the 

crosstalk between the bacteria and the mucosal response in the FRT, but a clear picture 

is known for the gut (421). It has been already described above how microbial-derived 

SCFA show immunomodulatory effects in the gut, with a broad anti-inflammatory 

moiety, but even the bacteria themselves show direct immunomodulatory actions. 

Bacterial species localised at the mucosal interface are responsible for boosting the 

production of IgA which, in turn, can control pathogen overgrowth by coating them and 

limit their ability to penetrate the mucous layer (422). This interplay is crucial for the 

production of IgA which must be ready to fight any pathogen infection and also, studies 

performed on germ-free mice or in people with impaired IgA secretion, have shown an 

increased susceptibility to IBD and allergies (421). Furthermore, gut microbiota is the 

main driver of TH17 maturation in the lamina propria. The interaction of microbial 

species with epithelial cells drives production of cytokine and other mediators such as 

serum amyloid A (SAA), which lead to differentiation of CD4+ T-cells towards the IL-17A 

producing cell phenotype (423). As mentioned earlier, TH17 lymphocytes are involved in 

bacterial infection clearance through IL-17A secretion, thus controlling bacterial 

proliferation.  
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5.2 Hypothesis and aims 

 

Since we identified different reproductive outcomes in the women undergoing ART in 

our cohort and given the importance of the microbiome in maintaining homeostasis, we 

wondered whether there might be a different microbiome characterising unsuccessful 

pregnancies. Furthermore, we reported an upregulation of IL-17A pathway and an 

overall increase in IL-17A cytokine in the biopsies from women who had unsuccessful 

pregnancy, thus we hypothesized that those women might present a different 

microbiome which had resulted in such pro-inflammatory activation. To assess if there 

are differences in the microbiome, bacterial DNA was extracted from the endometrial 

biopsies and subject to 16S sequencing to determine the species composing the local 

microbiome. 

We also wondered what effect a possible dysbiosis might have on endometrial epithelial 

cells, thus primary and tumoral cell lines were treated with SCFA and in particular with 

Butyrate, which have been shown to be pathogenic in the lower FRT, but functional 

studies on endometrial epithelial cells are still missing.   

 

Study Outline: 

- Identification of the microbiome in the endometrium of women with infertility who 

undergo ART and correlation with the IL-17A levels observed in those patients; 

- Identification of the effect that SCFA have on endometrial epithelial cells by treating 

endometrial adenocarcinoma cell line Ishikawa and hEECs; 

- Analysis of the pathway activated by sodium butyrate treatment and the effect that 

selective inhibitor or gene silencing have on downstream gene activation; 

- Analysis of the epigenetic effects that sodium butyrate has on its downstream gene 

activation and identification of a peak located upstream IL-17A transcription starting 

site; 
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5.3 Results 

 

5.3.1 A different microbiome is present in the biopsies from unsuccessful 

pregnancy women   

We first aimed to clarify which might be the endometrial microbiome and if there is a 

different microbial composition associated with negative reproductive outcomes. Thus, 

bacterial DNA was extracted from the endometrial biopsies of the women undergoing 

ART and the variable region of the 16S gene were sequenced to identify different 

bacterial species composing the microbial community in those samples. Alongside the 

samples, were also sent negative controls as well as a positive control consisting of a 

mock vaginal microbial community  purchased from ATCC® MSA-1007. This vaginal 

genomix mix is composed by equal amounts of bacterial DNA from species often found 

in the vaginal microbiome and is suggested to be used as a standard to control that the 

sequencing retrieves the expected species with the right abundance proportion. As it 

can be noticed in figure 5.3, the real composition of the vaginal microbiome standard 

shows a variable amount of percentage of reads when subject to 16S sequencing by the 

supplier (Figure 5.2A.). It can be noticed that the bacterial composition observed in our 

sequencing harbours the same species as the ones expected by ATCC and that the 

species abundance is in between the expected values and the real composition of the 

sample (Figure 5.2A.). Once established that our sequencing is reliable in detecting the 

right species and in the right amounts, the counts obtained for each donor were used 

to build a PCA plot. Figure 5.2B. shows that the two groups successful (in yellow) and 

non-successful (grey) cluster together, meaning that the composition of the microbiome 

between these two groups might be quite similar as it cannot be observed a differential 

clustering in the PCA plot.  
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Figure 5.2. Controls for the 16S sequencing results. Bacterial DNA was extracted from the 

endometrial biopsies of the entire cohort (n=30), comprising women who had either a successful 

(pregnant, or P) or unsuccessful (not pregnant, or NP) ART cycle. The variable regions of 16S 

ribosomal RNA gene were sequenced and mapped to each corresponding bacterial species. A. A 

positive control consisting of vaginal microbiome community was also analysed, using the 

number of reads for each specie against the total reads in that sample to calculate the percent 

of reads. The composition of the sample is shown in the Real composition sample, however it has 

been shown by the supplier to present a different readout when performing 16S (Expected 16S), 

which we used as an expected readout to compare against our results (Observed 16S). B. The 

normalised counts corresponding to each donor were used to calculate the clustering between 

groups and generate a PCA plot to visualize difference between the successful (yellow) and 

unsuccessful group (grey). The values of the percent of reads for the real sample composition 

and the expected 16S readout were obtained from the ATCC microbiome standards brochure.  

 

When looking at the bacterial composition at the genus level present in the microbiome 

of our cohort, we noticed that the bacteria displaying the higher relative abundance 

were Lactobacillus spp. in both the successful and non-successful group (Figure 5.3A.), 

thus explaining the overlap observed in the PCA plot. However, in the samples belonging 

to the non-successful group we could see an overall decreased relative abundance of 

Lactobacillus spp. and an increase in other bacterial species such as Corynebacterium, 

Prevotella, Pseudomonas, Sphingobium and Atopobium. This finding is also reflected 

when calculating the diversity indexes on the counts matrix, with a significantly 

increased diversity in the non-successful group when calculated with the Shannon 

method (Figure 5.3B.), as well as values close to significance with other diversity tests 

such as Simpson (Figure 5.3B.) and beta-diversity (Figure 5.3D.). Consequently, even the 
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heatmap resulting from the count matrix of the samples show a more variable 

composition of the microbial composition in the non-successful group samples, 

resulting from increased abundance of bacteria other than Lactobacillus (Figure 5.3C.). 

It can be observed quite an high variability in the bacterial composition of the non-

successful group, however Corynebacterium and Prevotella showed statistically 

significant increase in their abundance compared to the successful group counterparts 

(Figure 5.3E.).  

Thus we have demonstrated that in our cohort the predominant bacteria colonising the 

endometrium belong to the Lactobacillus genus and we identified a statistically 

significant difference in the microbiota of women who had a successful pregnancy 

compared to the women who failed to establish a successful pregnancy after ART. In 

those samples, it can be noticed an increased diversity in the bacterial species taking 

over the Lactobacillus dominance and particularly Corynebacterium and Prevotella 

abundance is shown to be significantly increased.  

 

5.3.2 Lactobacillus spp. abundance correlates with serum level of IL-17A   

Given the observed differences in the microbial composition in the endometrial biopsies 

and given the role that IL-17A has in controlling bacterial infections, we correlated the 

endometrial bacterial composition results with the circulating IL-17A protein levels 

measured in all the samples from the cohort. Linear regression analysis of bacterial 

diversity indices such as Shannon and Simpson compared with IL-17A protein did not 

show a statistically significant correlation, even though the regression line shows a weak 

positive trend (Figure 5.4A. and 5.4B). This means that IL-17A protein levels could 

increase with increase of bacterial diversity in the sample, even though this correlation 

was not significant. We then assessed whether certain bacterial genus correlated with 

IL-17A protein by calculating linear regression using either the relative % abundance or 

the normalised counts. We first performed this analysis with Lactobacillus, given the 

high abundance of this genus in the successful group. We identified a negative 

correlation of IL-17A protein concentration and Lactobacillus % abundance, with a p-

value of 0.0474 (Figure 5.4C.). Conversely, the normalised counts did not show a 
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correlation of Lactobacillus with IL-17A protein levels (Figure 5.4D.). When performing 

the correlation with Corynebacterium and Prevotella we could not detect any significant 

correlation (Figure 5.4E-H.), mainly because very few samples from the non-successful 

biopsies had returned counts for these bacterial genus (8 samples for Corynebacterium 

and 5 samples for Prevotella). Thus, when calculating the % abundance of those 

bacterial strains many samples would show 0% and, even using the normalised counts 

for the few samples showing positivity for such bacteria, the number of individuals is 

too little for obtaining enough statistical power.   
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Figure 5.3. Women who failed to establish a successful pregnancy after ART show a different 

endometrial microbiome. The counts obtained from 16S sequencing of bacterial DNA derived 

from endometrial biopsies (n=26) of successful (n=11) and non-successful (n=15) were used to 

calculate the relative abundance of bacteria, expressed as percentage of abundance. The counts 

matrix was also used to calculate the diversity in microbiome composition and to generate the 

heatmap. A. Plot of the values of relative abundance for each bacterial genus in each sample. 

ART outcome is color-coded with yellow for successful (pregnant) and grey for unsuccessful (not 

pregnant). B. Shannon and Simpson diversity indices plotted by ART outcome. C. Heat map of 
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statistically different (P < 0.05) genus abundance between the two groups, with P values 

determined using a two-tailed Mann–Whitney test. D. Plots of the beta diversity between the 

two groups measured as the average steepness (z) of the species area curve in the Arrhenius 

model (S = cXz). E. The percentage abundance of Corynebacterium and Prevotella were plotted 

by pregnancy outcome. The statistical tests applied for the diversity indices were two-tailed 

parametric unpaired t-tests, with *p<0.05; the statistical test applied for Corynebacterium and 

Prevotella % abundance was a non-parametric Mann-Whitney test, with *p<0.05. In C. z-score 

scale is indicated, with upregulation shown in orange and downregulation shown in blue. 
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Figure 5.4. Correlation between endometrial bacterial composition and circulating IL-17A 

protein levels. The diversity indices, normalised counts and the relative % abundance obtained 

from 16S sequencing of successful (yellow points named “S” on the graphs, n=11) and non-

successful (gray points named “US” on the graphs, n=15) endometrial biopsies were used for 

building correlations with IL-17A protein concentration in the serum. The protein concentration 

obtained from ELISA measures of IL-17A in the matching serum of women in the cohort was 

normalised based on the total protein amount detected in the sample and expressed as ng/mL 
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of total protein (214). A. Linear regression between IL-17A protein levels and the Shannon 

diversity index obtained for each sample. B. Correlation between IL-17A protein levels and the 

Simpson diversity index obtained for each sample.   Linear regression between IL-17A protein 

levels and the % abundance (C.) or normalised counts (D.) of Lactobacillus genus in each sample. 

Correlation between IL-17A protein concentration and Prevotella % abundance (E.) or 

normalised counts (F.). Correlation between IL-17A protein concentration and Corynebacterium 

% abundance (G.) or normalised counts (H.). *p<0.05 obtained by the linear regression analysis. 

 

5.3.3 SCFAs induce a pro-inflammatory response in endometrial epithelial 

cells   

A change in the microbial composition in the women who were unable to establish a 

successful pregnancy was identified, we then asked what impact that might have had 

on the local microenvironment. Decrease in Lactobacillus spp. in the contest of BV is 

associated with decrease of lactate and increase in SCFAs content. Furthermore, among 

the species displaying an increased abundance in the non-successful cohort there are 

SCFA-producing bacteria, such as Prevotella spp. Therefore, we aimed to characterise 

the effect that SCFA and lactate treatment might have on endometrial epithelial cells. 

As it can be observed in Figure 5.5A., treatment for 24h with SCFA (butyrate and 

acetate) or lactate did not induce cell death in Ishikawa cells, even though higher doses 

of butyrate and lactate induced an increase in cell death at 48h (data not shown). We 

then wondered whether the presence of bacterial-derived SCFAs would increase 

antimicrobial peptides (AMPs) expression. Butyrate was the most potent inducer of 

S100A family AMPs, as it can be observed a significant increase in S100A8 and S100A9 

expression after 24h from the treatment (Figure 5.5B. and C.). PI3/Elafin, which belongs 

to the WAP family of AMPs, does not seem to be induced by butyrate but by 24h 

treatment with acetate or lactate  (Figure 5.5C.). 

The higher dose of butyrate (8mM) was also found to be the most potent inducer of a 

pro-inflammatory response with cytokines and chemokine increased release. It can be 

noticed indeed in Figure 5.6 that treatment for 24h with the highest dose of butyrate, 

but not lactate or acetate, induce significantly increased expression CXCL8 and TNFα 
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after 24h of treatment (Figure 5.6A. and C.). For both these immune mediators, 

increased protein secretion was also observed after 24h butyrate treatment through 

ELISA on cell supernatants (Figure 5.6B. and D.). Even if the treatment was performed 

in halved volume to concentrate supernatants, the levels of cytokine and chemokine 

observed were very low and close to the limit of detection of the assay (Figure 5.6B. and 

D.). TNFα expression was shown to be increased even at earlier timepoints, reaching 

statistically significant differences as early as 1h and 2h post butyrate stimulation at 

both 8mM and 2mM doses (Figure 5.6E.).  
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Figure 5.5 Treatment of Ishikawa cells with SCFA and lactate activates S100A AMPs. Ishikawa 

cells were treated with a titration of 8mM, 2mM and 0,5mM SCFAs (acetate and butyrate) and 

lactate for 6h and 24h.  A. Cell viability was assessed by adding 10% vol/vol Alamar blue and 

reading the optical density of resazurin conversion. Calculation of cell viability was performed 

using the control cells as reference. B. RNA was extracted to assess modulation of S100A9. C.  

Ishikawa cells were treated with the highest dose (8mM) of butyrate, acetate and lactate for 6h 

and 24h. RNA was extracted, and qPCR performed for assessing the changes in expression of 

S100A8 (left) and PI3/Elafin (right). N=4. Statistical test applied: Two-way ANOVA with Dunnett 

correction. **p<0.002; ****p<0.0001. 
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Figure 5.6. Butyrate induces a pro-inflammatory response in Ishikawa cells. Ishikawa cells were 

treated with the highest dose (8mM) of butyrate, acetate and lactate for 6h and 24h. RNA was 

extracted, and qPCR performed for assessing the changes in expression of CXCL8 (A.) and TNFα 

(C.). B-D. ELISA was performed on supernatants obtained from stimulation with Ishikawa cells 

with control media or media containing 8mM butyrate for IL-8 (B.) or TNFa (D.). The grey dotted 

line represents the limit of detection of the kit used to perform the ELISA. E. Ishikawa cells were 

treated with control media or with butyrate 2mM or 8mM for different timepoints (0h to 24h). 
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RNA was extracted and gene expression of TNFα was assessed. RPLP0 gene was used as 

housekeeping reference for qPCR analysis. N≥3. Statistical test applied: Two-way ANOVA with 

Dunnett correction. *p<0.05; **p<0.002; ****p<0.0001. 

 

Due to its role in mediating mucosal immunity and given the observed induction of 

molecules also increased in mucosal responses, we wondered whether IL-17A 

expression could be modulated by butyrate. Treating Ishikawa cells with a butyrate 

timecourse using two doses, 8mM and 2mM, showed increased expression of IL-17A 

mRNA already at early timepoints such as 2h (Figure 5.7A.). We then performed ELISA 

after 24h butyrate treatment and we could observe increased IL-17A secretion in 

butyrate-treated cell supernatants (Figure 5.7B.). We wanted to confirm the production 

of IL-17A protein in Ishikawa cells using another method of detection. The treatment 

with butyrate was repeated, this time adding Brefeldin A 4h before the 24h timepoint 

in order to stop protein secretion. The treated cells were then stained for IL-17A and 

analysed through cytofluorimeter to see whether the percentage positivity for IL-17A 

staining would increase by the treatment. This approach confirmed that Ishikawa cells 

treated with butyrate produce IL-17A as they showed a consistent increased percentage 

positivity for IL-17A staining (Figure 5.7C.). Also looking at the staining plots, butyrate 

treated cells show a very distinct pattern if compared to the signalling observed with 

the sample without IL-17A staining (IL-17A FMO) or the control sample stained for IL-

17A (Figure 5.7D.).This finding confirmed the suspect that also non-immune cells, such 

as endometrial epithelial cells, can also produce IL-17A, as mentioned in chapter 4.  

To confirm whether the butyrate-induced pro-inflammatory response observed in 

Ishikawa cells would be activated even in a more physiological model, the treatment 

was repeated in human primary endometrial epithelial cells (hEEC). Again, this cell 

model recapitulates the same increase in expression of AMPs and CXCL8 observed in 

Ishikawa cells (Figure 5.8). Even though, as observed already in chapter 4, hEEC cells 

seem more responsive to treatments than Ishikawa cells, butyrate treatment did not 

induce a statistically significant increase in this model, due to the high interindividual 

variation. However, when treated with butyrate, it can be observed an increase in 

expression of AMPs and CXCL8 also with lower doses (2mM or 0.5mM) and already at 
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the 6h timepoint (Figure 5.8). Particularly, S100A9 and S100A8 expression increases 

already at 6h and it increases even more at 24h (Figure 5.8A-B.), whereas PI3/Elafin 

seems increased at 6h only, even though it can be observed a high variability among 

samples (Figure 5.8C). Similarly, also CXCL8 shows increased expression at 6h and its 

levels decrease at the 24h timepoint (Figure 5.8D.). Regarding IL-17A and IL-17F, there 

seem to be a very high variability of response among sample, thus it is not possible to 

establish a clear signature (Figure 5.8E. and F.). 
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Figure 5.7. Butyrate induces IL-17A production in Ishikawa cells. A. Ishikawa cells were treated 

with control media or with 2mM or 8mM butyrate at different timepoints (0h to 24h). RNA was 

extracted and gene expression of IL-17A was assessed using RPLP0 gene as housekeeping 

reference. B. Ishikawa cells were stimulated with control media or media containing 8mM 

butyrate and ELISA was performed on cell supernatants. The grey dotted line represents the limit 

of detection of the kit used to perform the ELISA. C-D. Ishikawa cells were treated for 20h with 

8mM Butyrate or control media and then Brefeldin A was added for further 4h. Cells were 

isolated in suspension and flow cytometry immunostaining for IL-17A was performed to retrieve 
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the % positivity of cells for IL-17A positive staining. N=3. Statistical test applied: Two-way ANOVA 

with Dunnett correction. *p<0.05. 

 

C
TR 8 2

0.
5

C
TR 8 2

0.
5

0

5

10

15

20
20

40

60

80

100

S100A8

R
e
la

ti
v
e
 f

o
ld

 c
h

a
n

g
e

6h

24h

Butyrate
(mM)

Butyrate
(mM)

*

C
TR 8 2

0.
5

C
TR 8 2

0.
5

0

5

10

15

PI3/Elafin

R
e
la

ti
v
e
 f

o
ld

 c
h

a
n

g
e

6h

24h

Butyrate
(mM)

Butyrate
(mM)

C
TR 8 2

0.
5

C
TR 8 2

0.
5

0

1

2

3

4

5

20

40

60

80

CXCL8

F
o

ld
 C

h
a
n

g
e

6h

24h

Butyrate
(mM)

Butyrate
(mM)

C
TR 8 2

0.
5

C
TR 8 2

0.
5

0

5

10

15

20

IL-17A

R
e
la

ti
v
e
 f

o
ld

 c
h

a
n

g
e

6h

Butyrate
(mM)

24h

Butyrate
(mM)

C
TR 8 2

0.
5

C
TR 8 2

0.
5

0

5

10

15

20

IL-17F

R
e
la

ti
v
e
 f

o
ld

 c
h

a
n

g
e

6h

24h

Butyrate
(mM)

Butyrate
(mM)

A. B.

C. D.

E. F.

C
TR 8 2

0.
5

C
TR 8 2

0.
5

0

1

2

3

20
40
60
80

100
1000
2000
3000
4000
5000
6000

S100A9

R
e
la

ti
v
e
 f

o
ld

 c
h

a
n

g
e

6h

24h

Butyrate
(mM)

Butyrate
(mM)

 

Figure 5.8. Butyrate and pro-inflammatory mucosal response in hEEC cells. hEEC cells were 

isolated from endometrial biopsies and treated with a titration of butyrate (8, 2 and 0.5mM) for 

6h and 24h. RNA was extracted, and qPCR performed for assessing the changes in expression of 

AMPs (A. S100A9, B. S100A8, C. PI3/Elafin), chemokines (D. CXCL8) and cytokines (E. IL-17A, F. 
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IL-17F). RPLP0 gene was used as housekeeping reference for qPCR analysis. N≥3. Statistical test 

applied: Mixed-effects model with Sidak correction. 

 

5.3.4 Effect of butyrate stimulation on Nf-κB pathway in Ishikawa cells  

Once established that butyrate activates a pro-inflammatory response in both Ishikawa 

and hEEC cells, we then wondered which pathway might contribute to this 

phenomenon. Using the cell model of Ishikawa cells, we observed genes  expression at 

different timepoints. For instance, TNFα and IL-17A expression is increased at early 

timepoints, whereas S100A9 and CXCL8 seem to be significantly increased only after 24h 

from the stimulation.  

To discriminate which pathway might be activated by butyrate, cell lysates obtained by 

a time-course treatment were separated through SDS-page and then probed for 

phospho-p65. Given the observation of increased expression of various cytokines and 

chemokines upon butyrate treatment, the phosphorylation of p65, which is one of the 

subunits forming Nf-κB transcription factor, was used as a readout for Nf-κB activation. 

Phosphorylation of p65 can be observed some of the biological replicates for early 

timepoints, from 0h to 4h for the 8mM butyrate dose (Figure 5.9A. and 5.9B.) and from 

0h to 2h for the 2mM dose, however this approach did not led to consistent and 

conclusive results between the biological replicates (Figure 5.9C. and 5.9D.).  

To further assess the role of Nf-κB in the induction of the molecules observed to be 

increased upon butyrate stimulation, Ishikawa cells were pre-treated, for 2h with BAY-

11-7082, which is a known irreversible inhibitor of IκBα phosphorylation, which is crucial 

for Nf-κB activation. The treatment with 10μM BAY-11-7082 alone seemed to induce 

some stress in Ishikawa cells, as it can be observed a slight increase in S100A9, TNFα, 

CXCL8 and IL-17A, especially in the early timepoint (Figure 5.9E-H.). Furthermore, 

treatment with 2h pre incubation of BAY-11-7082 followed by 6h butyrate treatment, 

increases the expression of all the markers studied, reaching higher levels than the 

matching cells treated with butyrate only (Figure 5.9E-H.). However, in the longer 

timepoint, corresponding to pre-incubation with BAY-11-7082 followed by 24h butyrate 

treatment, it can be noticed a slight decrease in the expression levels observed for 
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S100A9 (Figure 5.9E.), IL-17A (Figure 5.9H.), but not for TNFα (Figure 5.9F.) or CXCL8 

(Figure 5.9G.) if compared to those observed in the cells treated with butyrate only.  

 

Figure 5.9. Influence of butyrate on Nf-kB activation and inhibition of Nf-κB pathway. A-D. 

Ishikawa cells were treated with 2mM and 8mM butyrate for various timepoints (ranging from 

0h to 24h). Cell lysates were collected and separated through SDS-page and probed with specific 

antibody for phosphorylated p65. Relative band intensities were calculated in reference to the 

intensity of the housekeeping actin signal. Phosphorylation of p65 was assessed for 8mM (A. and 

B.) and 2mM (C. and D.) butyrate treatment. E.-H. Ishikawa cells were pre-incubated for 2h with 

10μM BAY-11-7082, followed by a further incubation with butyrate 8mM for 6h and 24h. Cells 

were also treated with matching volumes of DMSO as a vehicle control, since BAY-11-7082 has 
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been resuspended in DMSO. RNA was extracted and qPCR were performed using RPLP0 as 

housekeeping gene reference. Expression levels of S100A9 (E.), TNFα (F.), CXCL8 (G.) and IL-17A 

(H.) were assessed. N=3.  Statistical test applied: Two-way ANOVA with Tukey correction. 

*p<0.05.  

5.3.5 Assessment of HIF1α pathway activation during butyrate stimulation  

Another pathway whose activation was explored after butyrate treatment was HIF1α. It 

has been already mentioned a link between butyrate and HIF1α induction in the gut 

homeostasis (396, 402), but little is known in the FRT. To observe at what timepoint 

HIF1α induction could be observed, Ishikawa were treated at different timepoints with 

two butyrate concentrations 8mM and 2mM. Cell lysates were probed by western 

blotting for HIF1α stabilisation. Once again, this approach did not lead to conclusive 

results, as in certain replicates only it could be observed HIF1α stabilisation at early 

timepoints such as 0h and 1h for both the doses (Figure 5.10A-D.).  

To test whether HIF1α was involved in the signalling pathways activated by butyrate, 

we asked whether its inhibition would modulate the expression of genes induced by 

butyrate treatment. Acriflavine is a compound known to inhibit HIF1α dimerization and 

transcriptional activity. Ishikawa cells were then pre-incubated with 2h with acriflavine 

and then butyrate was added for further 6h or 24h treatment. Contrarily to BAY-11-

7082, acriflavine treatment alone had very little effect on Ishikawa cells at both 6h and 

24h (Figure 5.10E-I.). To control for HIF1α transcriptional activation, the expression of 

HMOX1 was assessed. HMOX1 encodes for the protein heme oxigenase-1 (HO-1), a 

known transcriptional target of HIF1α (424) and it shows a slight increased expression 

in cells treated with butyrate for 6h and even more at 24h, suggesting a possible 

activation of this pathway mediated by butyrate (Figure 5.10E.). However, the pre-

treatment with acriflavine before 24h treatment with butyrate did not decrease the 

expression levels of HMOX1 if compared to cells treated with butyrate only (Figure 

5.10E.).  Acriflavine plus 24h butyrate treatment decreased the expression of S100A9 

and CXCL8 (Figure 5.10F. and G., respectively). On the other hand, IL-17A and  TNFα 

levels seemed to not be influenced by HIF1α inhibition (Figure 5.10H. and I., 

respectively).     
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Figure 5.10. Impact of Butyrate on HIF1α pathway and S100A9 and IL-8 expression. A-D. 

Ishikawa cells were treated with 2mM (C. and D.) and 8mM (A. and B.)  butyrate for various 

timepoints (ranging from 0h to 24h). Cell lysates were collected and separated through SDS-page 

and probed with specific antibody for stabilised HIF1α. Relative band intensities were calculated 

in reference to the intensity of the housekeeping actin signal. E-I. 0.3μM acriflavine was pre-
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incubated in Ishikawa cells for 2h followed by 6h and 24h treatment with 8mM butyrate. RNA 

was extracted and the expression of genes of interest was assessed using RPLP0 as housekeeping 

control. Expression levels of HMOX1 (E.), S100A9 (F.), CXCL8 (G.), TNFα (H.) and IL-17A (I.) were 

assessed. N=3. Statistical test applied: Two-way ANOVA with Tukey correction. *p<0.05. 

 

 

5.3.6 Assessment of epigenetic control induced by butyrate in endometrial 

epithelial cells  

 

It has been already mentioned that butyrate has recently been shown to modify 

histones leading to activation of gene transcription (412). We therefore wondered 

whether some of the genes whose expression is increased by butyrate treatment would 

be regulated epigenetically. To do so the ChIP-seq dataset GSE77277 (329) was used to 

analyse possible butyrylation sites associated with lysine residues located nearby the 

transcription starting site (TSS) of the genes under investigation. This dataset comprises 

butyrylation of histone 4 on lysine 5 (H4K4Bu) and lysine 8 (H4K8Bu) obtained from a 

study carried out in mice round spermatides. The analysis confirmed a butyrylation peak 

of 3000pb located approximately 15kb from il-17a TSS (Figure 5.11.), but no peaks could 

be identified for the other genes of interest such as S100A9, S100A8 or TNFα. Mice lack 

the expression of CXCL8, thus the butyrylation of the gene surrounding this gene was 

not possible.  
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Figure 5.11. A region 15kb upstream IL-17A TSS is butyrylated in mouse round spermatids. 

Analysis of a publicly available ChIP-seq dataset (GSE77277) was performed to identify peaks 

located upstream TSS of genes induced by butyrate treatment. A peak was identified upstream 

of the il-17a TSS (upper panel) but not for other genes such as s100a9 or s100a8 (central panel) 

or tnfα (bottom panel). 

 

IL-17A gene is located in a syntenic block conserved between human and mouse 

chromosome (Figure 5.12A.), meaning in both these species the same chromosome 

region shows a similar organisation and location of genes and regulatory elements. 

Therefore, we isolated the sequence corresponding to the butyrylation peak upstream 

IL-17A identified in the mouse model and we aligned it with the portion of human 

chromosome 6 containing IL-17A gene to identify which portion was conserved by 

chain-block alignment. This alignment retrieved two conserved regions of the mouse 

peak in the human genome, which we named “peak A” and “peak B” and where we 

investigated butyrylation by performing ChIP after butyrate treatment. We designed 

primer sets in order to recognise different regions of both the peaks identified (Figure 
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5.12B.), with which we performed qPCR of the butyrylated DNA regions after 

immunoprecipitation with a specific antibody against butyryl-lysine. Primers for GAPDH 

and MAPKAPK5 promoter region were used as positive controls of butyrylation (329), 

and they showed a consistent increase of fold enrichment over the use of non-specific 

isotype IgG antibody in the cells treated with butyrate (Figure 5.12C.). A region in 

chromosome 12 known to not be butyrylated (329) was used as a negative control and 

indeed it shows no difference between control cells or butyrate treated cells in the fold 

enrichment.  Regarding the region upstream IL-17A, a big variation was observed in the 

biological replicates of the experiment and all the primer sets showed the same fold 

enrichment as the negative control region in butyrate treated cells (Figure 5.12C.). 

These results suggest that butyrylation of this region cannot be confirmed with the 

primer set chosen for the analysis.  
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Figure 5.12. ChIP performed on Ishikawa cells cannot clarify the butyrilation site 15kb upstream IL-17A 

TSS. A. The chromosome surrounding genes of IL-17A in human and mouse were compared to identify 

similarities in the region, confirming synteny and obtaining the human region corresponding to the mouse 

butyrylation peak. B. In the human region corresponding to the mouse peak upstream IL-17A, can be 

identified two highly similar regions, which we named “peak A” and “peak B” and we designed primers to 

bind in different sites peak. C. Ishikawa cells were treated for 6h with control media or with 8mM butyrate. 

ChIP was performed using a specific butyryl-lysine antibody or an isotype IgG antibody. qPCR was 

performed on the immunoprecipitated DNA using an input DNA (not subjected to IP) to normalise the 

readouts and then the fold enrichment over the signal obtained with isotype IgG was calculated. N=3. 

Statistical test applied: Two-way ANOVA with Sidak correction.  

 

5.3.7 Butyrate does not activate S100A9 through IL-17A signalling pathway  

Given the observed differential time in activation and modulation of the various 

molecules induced by butyrate, it is clear that multiple pathways are activated by this 

SCFA. In chapter 4 the signalling pathway activated by IL-17A through binding to its 

receptors IL-17RA and IL-17RC, led to release of AMPs such as S100A9. We saw 

increased S100A9 expression after 24h butyrate treatment, whereas IL-17A increase is 

observed at 6h. Thus, we wondered whether the expression of S100A9 would be 

secondary to the activation of IL-17A pathway induced by butyrate, rather than by 

butyrate induction directly.  

To do so, transient silencing of the IL-17 receptors was performed in Ishikawa cells 

followed by butyrate treatment for 6h and 24h. As can be observed in Figure 5.13A. and 

5.13B., the cells subjected to IL-17Rs silencing with IL-17RA and IL-17RC siRNAs show 

similar levels of S100A9 expression of the other butyrate treated controls, such as the 

untransfected cells, cells transfected with lipofectamine only or cells treated with a non-

specific scramble siRNA. Interestingly, in the untreated cells the silencing of IL-17Rs 

seems to induce an increase in S100A9 expression (Figure 5.13A. and 5.13B.). When 

using a siRNA targeting S100A9, it can be observed a significant decrease in S100A9 

expression both at baseline and after butyrate treatment. We also observed an early 

induction of S100A9 expression already after 6h butyrate treatment (Figure 5.13A.), 

however we speculate that this action might be due to an overall stress status of the 
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cells subjected to siRNAs or that could be due to the lipofectamine present in the media 

which might help delivering butyrate inside the cell.   

To control that the IL-17R were silenced, their expression in the treatment was also 

assessed. Both the siRNAs significantly decreased the expression of both the receptors 

at baseline or in the presence of butyrate (Figure 5.13C-F.). The expression of IL-17Rs is 

not changed by the butyrate treatment, with exception for  IL-17RC, which showed a 

consistently decreased expression after 24h butyrate treatment (Figure 5.13F.).  

Given the observation already mentioned in Chapter 4 of a possible positive feedback 

induced by IL-17A signalling in increasing IL-17A expression (Figure 4.13), we also 

measured IL-17A expression after IL-17R silencing and Butyrate treatment. We observed 

that the knock-down (KD) itself induced increased expression of IL-17A already in the 

untreated cells, in some cases with even higher level than the ones induced by Butyrate 

treatment (Figure 5.13G-H.). Silencing of IL-17Rs did not change IL-17A expression 

levels, thus this suggests that it might not be in place a positive IL-17A feedback upon 

butyrate treatment.  
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Figure 5.13. Silencing of IL-17 receptors does not prevent butyrate-induced increase in S100A9 

expression . Ishikawa cells were seeded and then transfected with 20nM scramble siRNA or 

20nM siRNAs targeting IL-17RA, IL-17RC and S100A9. The siRNAs were incubated for 36h, after 

which butyrate was added to the cells for further 6h and 24h. RNA was extracted and expression 
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of S100A9 (A-B.), IL-17RA (C-D.), IL-17RC (E-F.), and IL-17A (G-H.) was assessed for both 

timepoints (6h on the left and 24h on the right). Housekeeping control used for qPCR 

normalisation was RPLP0. UT: untransfected cells; Lipo: cells transfected with lipofectamine only; 

SCR: cells transfected with scramble siRNA; N=3. Statistical test applied: Two-way ANOVA with 

Tukey correction. *p<0.05; **p<0.002; ***p<0.0002.    
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5.4 Discussion 

 

We identified a different microbiome in women undergoing ART who were unable to 

sustain a successful pregnancy when compared with women who become pregnant 

(Figure 5.3). In our study, women with a successful pregnancy outcome show a 

Lactobacillus dominated microbiome (Figure 5.3A.), which has also been suggested to 

be the normal endometrial microbiota  in some studies (254-256). Some other studies, 

who had performed the sampling during caesarean sections, where absolute sterility is 

warranted, reported lack of an identifiable microbiome in the maternal side of the 

placenta (262, 263). The sampling performed by our study, and by many studies 

reporting a microbiome in the endometrium, have been carried out on cohorts of 

women undergoing for gynaecological investigation through laparoscopy or by vaginal 

route. In these instances, although attention was put in place to avoid vaginal 

contamination, it cannot be excluded that the microbiome observed in the endometrial 

samples could derive from a vaginal contamination. In our study the endometrial biopsy 

was obtained by transvaginal pipelle thus, performing a matched vaginal sampling could 

have highlighted whether the same species and composition could be identified, 

therefore confirming if the microbiome observed in the endometrium derived from a 

contamination during sampling. 

Another aspect that needs to be considered is whether the presence of Lactobacillus 

spp. in the endometrium is possible. In the vagina these bacteria represent almost the 

entire proportion of the microbiome and it is known that they produce lactic acid which 

contributes in lowering the pH. In the endometrium it has been reported a much higher 

pH if compared to the vagina (425), and in the case of bacterial vaginosis the reduction 

of Lactobacillus spp results in an increase of the pH (426). Specifically, the low pH in the 

vagina is required to maintain the optimal pH for growing Lactobacillus spp. and 

prevents the growth of pathogenic bacteria (273). Therefore, it is questionable whether 

it is reliable to consider Lactobacillus spp. as a normal commensal for the endometrium. 

Very little is known about the endometrial pH in women with unexplained infertility, 
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therefore adding a pH measurement during our sampling might have helped determine 

whether the Lactobacillus abundance observed was plausible.    

We should also bear in mind that the control group used in our study should not be 

referred as an “healthy” control, since those women were undergoing ART after being 

diagnosed with unexplained infertility (214). Unfortunately, due to the invasive nature 

of sample collection in a sterile way to prevent contaminants, studies on a real healthy 

microbiome are still very few, thus limiting the consensus on what the endometrial 

microbiota could be, if present at all. It has also been suggested that the endometrial 

microbiota changes during the menstrual cycle under the influence of sex hormones (4, 

250, 258). These changes see increase of certain species such as Propionibacterium, 

Sphingobium and Pseudomonas during the secretory phase. Our samples were obtained 

during the luteal phase, specifically at day 7 after luteinizing hormone surge, which 

coincides with the secretory phase in the endometrial cycle. A very little diversity is 

observed in the successful pregnancy samples, however in the non-successful samples 

we could identify a greater variety of bacteria (Figure 5.3B-D.), confirming the presence 

of Sphingobium and Pseudomonas, in agreement with the literature, as well as other 

species such as Atopobium, Prevotella and Corynebacterium. Prevotella and 

Corynebacterium abundance is significantly increased in the non-successful group 

(Figure 5.3E.), confirming that in those samples there is a different microbial 

composition in the endometrial biopsies.  

Given that in those women the levels of serum IL-17A were also increased, we wondered 

whether there was a correlation with the different microbiome observed. IL-17A is 

indeed released in the context of bacterial infections, thus a dysbiosis such as the one 

observed in the non-successful group, might have driven the increase of IL-17A. 

Surprisingly, IL-17A protein levels did not show a significant correlation with any 

microbial diversity index or with the abundance of what we identified as dysbiotic 

species: Prevotella and Corynebacterium (Figure 5.4A-B. and 5.4E-H.). As already 

mentioned in the results, only a few samples on the non-successful group retrieved 

counts for Prevotella and Corynebacterium, thus the linear regression calculation for 

these species is skewed by the low amounts of samples showing any counts or a value 

of percentage abundance different from the zero. On the other hand, we observed a 
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negative correlation between IL-17A levels and Lactobacillus abundance in the samples 

(Figure 5.4C.). This confirms that when Lactobacillus abundance is high there is less IL-

17A, whereas when the number of Lactobacillus decrease IL-17A levels increase, 

possibly in response to a dysbiosis that activated mucosal immune responses.  

In the women with unsuccessful pregnancy outcome, we observed decreased 

abundance of Lactobacillus spp and increase in other bacterial populations. When this 

phaenomenon happens in the vagina it leads to bacterial vaginosis (BV), where there is 

a shift from lactic acid production towards the production of SCFAs (387). We thus 

wondered what effect SCFAs would have on endometrial epithelial cells, given that very 

few studies analysed the role of these molecules in the upper FRT. Overall it seems that, 

similarly to what happens in the lower FRT in the context of BV (415, 416), SCFAs 

treatment, particularly butyrate, on endometrial epithelial cells triggered a pro-

inflammatory response. It is still not defined yet the concentration of butyrate in the 

endometrium, however some studies have suggested that in mucosal sites this molecule 

can reach up to 20mM concentration (261, 420). In our experiments we used 8mM and 

2mM doses, which was already enough to elicit a response in our cell models. Butyrate 

was the most potent inducer of cytokines (IL-17A, IL-6, TNFα), chemokines (CXCL8) and 

AMPs (S100A8, S100A9, PI3/Elafin), in both Ishikawa cells and hEEC cells (Figure 5.5, 5.6, 

5.7 and 5.8). Alongside the increase in gene expression, butyrate treatment resulted 

also in increased protein production and secretion in Ishikawa cells (Figure 5.6 and 5.7.). 

Most importantly, for the first time we were able to show increased production of IL-

17A after 24h butyrate treatment in a non-immune cell line. We obtained this result by 

using two different approaches, thus confirming that endometrial epithelial cells are 

able to produce IL-17A.  

We also noticed that the expression of these genes happened at different timepoints, 

with some being expressed at early timepoints (IL-17A and TNFα, Figure 5.6, 5.7), while 

other genes are upregulated after 24h from the treatment (Figure 5.5, 5.6). Again, we 

could observe some differences in the primary cells, where certain genes are 

upregulated already at the 6h timepoint such as S100A9, S100A8, IL-8 and PI3/Elafin 

(Figure 5.8), confirming again that primary cells might be more responsive to 

treatments. The observation of this different timing led us hypothesize that butyrate 
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might induce different pathways. Butyrate in the gut is shown to inhibit Nf-κB activation 

(404), however we observed increased expression and secretion of cytokines and 

chemokines. Also, once again in the gut, butyrate was shown to promote epithelial 

integrity and prevent cell stresses by activating HIF1α (396). We then wondered 

whether the stress induced by butyrate in our cell models might lead to activation of Nf-

κB and HIF1α pathways. When using the western blot approach to probe for the active 

form of these two transcription factors,  we could not observe a consistent Nf-κB and 

HIF1α activation in Ishikawa cells (Figure 5.9A-D. and Figure 5.10A-D.). Therefore, we 

assessed whether inhibition of Nf-κB before adding butyrate to the cells would clarify 

the involvement of the transcription factor in the signalling activated. Two hours pre-

treatment of Ishikawa cells with an Nf-κB inhibitor resulted in a less potent gene 

induction for IL-17A and S100A9, but not for TNFα or CXCL8 expression (Figure 5.9E-H.). 

This might suggest that butyrate possess context-specific actions, with inhibition of Nf-

κB in the gut, but activation of this pathway in the FRT.  

We assessed the involvement of HIF1α in butyrate-induced gene activation by pre-

treating the cells with 2h with an inhibitor before adding butyrate (Figure 5.10). We 

observed a slight increasein the expression of a known target gene for HIF1α, HMOX-1, 

after 24h butyrate stimulation, but using theselective inhibitor of HIF1α aggregation, 

acriflavine, we could not observe a significant decrease in the expression of any of the 

targets of interest, including HMOX-1 (Figure 5.10E-I.).  

Butyrate is also involved in mediating immune signalling by showing epigenetic 

functions. It was long known to be an HDAC inhibitor and recently have been discovered 

butyrylation and beta-hydroxybutyruylation modification of histones (412). A study 

performed in mice showed how butyrate can compete for the same sites with 

acetylation, so when they are butyrylated the transcription is active, whereas 

acetylation leads to transcription inactivation (329). We then hypothesized that the 

activation of some of the genes induced by butyrate might be mediated through 

butyrylation of sites located near their promoter region. The above-mentioned study 

provided a ChIP-Seq database which we analysed to identify butyrylation peaks  close 

to the promoters of our genes of interest. We were able to identify a peak located 

approximately 15Kb from the IL-17A transcription starting site in the ChIP-seq database, 
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which we aimed to confirm with ChIP in Ishikawa treated with butyrate for 6h (Figure 

5.11 and 5.12C.). The ChIP performed in Ishikawa confirmed that the positive controls 

were amplified with a greater fold enrichment, meaning that the immunoprecipitation 

of the butyrylated sites was successful. However, using primer sets designed for the 

region identified upstream IL-17A transcription starting site failed to show a greater fold 

enrichment in butyrate-treated cells, meaning that possibly those sites are not subject 

to butyrylation or that maybe the butyrylation in the human genes might happen in a 

different location, despite the high conservation of that genomic block between human 

and mouse. Furthermore, the location of this binding site in the mouse is far from the 

promoter region or the transcription starting site of IL-17A, therefore it could act as a 

regulatory element such as an enhancer. Recent studies have started uncovering the 

epigenetic regulation of IL-17A and they highlighted some regulatory elements 

responsible for STAT3 and STAT5 binding also at distal sites from IL-17A promoter (427).  

Most of the gene observed increased upon butyrate stimulation are also activated 

during IL-17A signalling pathway activation (see chapter 4). We then wondered whether 

blocking IL-17A receptors by using siRNAs would prevent the expression of S100A9, 

which is a known target of IL-17A activation. This approach however confirmed that 

S100A9 increased expression is independent from IL-17 signalling (Figure 5.13A-B.). We 

also noticed increased expression of IL-17A in cells treated with only lipofectamine or 

lipofectamine and siRNAs, suggesting that endometrial epithelial cells might produce 

this cytokine when stressed in general. 
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Chapter 6: Defining the impact of IL-17A and butyrate 

during the window of implantation 

 

6.1 Introduction 

 

6.1.1 Changes induced in the endometrium during the window of 

implantation 

All the changes induced during the menstrual cycle take place to allow fertilisation and 

pregnancy establishment. For a successful pregnancy two things are required: a viable 

embryo and a receptive endometrium. Indeed, only if the embryo finds a suitable 

environment it can implant and start developing. However, the endometrium is 

receptive only for a short period of time, which is called window of receptivity or 

window of implantation (WOI) (428). This stage often occurs between day 19 and 21 of 

the menstrual cycle and is regulated by progesterone in humans (359, 428). When 

embryo reaches the receptive endometrium, it is at the blastocyst stage. It first gets 

oriented correctly towards the epithelium (apposition) and then it interacts with the 

epithelial cells which show pinopods and cell adhesion molecules (adhesion) (429). 

Then, the blastocyst penetrates trough the epithelial layer and embeds completely with 

the uterine stroma (invasion) (430). This process requires a synchronised crosstalk 

between the endometrial epithelial and stromal cells and the blastocyst, which show 

peculiar characteristics in order to prepare for the interaction (Figure 6.1).  

6.1.1.a Epithelial cell receptivity 

Epithelial cell receptivity is reached by displaying on the luminal epithelium certain 

molecules that allow interaction with the blastocyst. Among these molecules are 

pinopods, cellular protrusions which have been shown to be progesterone-dependent 

in humans and are regulated by the homeobox gene HOXA-10, which is an important 

player for epithelial receptivity (429). Is still uncertain the role of pinopods, however 

they are thought to be involved in the regulation of endometrial fluid, as well as in the 
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binding with the blastocyst through expression of adhesion molecules in their structure 

(429).  

Adhesion molecules are widely expressed throughout the menstrual cycle in epithelial 

cells, however certain show to be expressed only during the window of implantation, 

which led to the hypothesis that they are needed for interacting with the embryo, such 

as the integrins α1β1, α4β1, αVβ3 (429). Additionally, the negative cell-cell adhesion 

molecule MUC1 show decreased expression in non-ciliated cells and pinopods during 

the window of implantation, making easier for the blastocyst and the epithelial cells to 

interact. Furthermore, epithelial cells show positivity for the ligands of adhesion 

molecules: SPP1 (Secreted Phosphoprotein 1 or Osteopontin), which is ligand for αVβ3 

integrin (which is also expressed by the blastocyst), the ligands for the L-selectin (known 

to be displayed in the blastocyst) MECA-79 or HECA-452. Furthermore, progesterone 

has been shown to induce calcitonin, which increases epithelial cytoplasmic calcium 

content and leads to suppression of E-cadherin expression from the lateral contact sites, 

making easier for the embryo to pass through the epithelial layer (429).  

Cytokines also play important roles for endometrial receptivity. This highlights how 

inflammation is crucial for embryo implantation (see section 1.4). Among these, LIF is 

shown to be increased by epithelial cells during the WOI, whereas stromal cells can 

secrete it but do not change expression throughout the cycle. This cytokine belongs to 

the IL-6 family of cytokine and promotes proliferation and cell survival in both the 

epithelial cells and the blastocyst (359). Also IL-6 shows to be increased during the WOI 

and its receptor is present on the blastocyst, however knockout models have shown 

that disruption of IL-6-IL-6R interaction did not impair embryo attachment (429). IL-1 

cytokines are also important for the WOI. Indeed IL-1β induces integrin β3 expression 

and the receptor antagonist for IL-1, IL-1RA, is downregulated during the receptivity 

window (429). Also IL-15 is known to be a marker for endometrial receptivity and 

stromal decidualisation in the window of implantation, and it seems to have a role in 

controlling the proliferation of uterine natural killer cells (uNK) (431). 
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Figure 6.1: Molecules and processes associated to the window of implantation. During the 

uterine cycle, sex hormones stimulate endometrial epithelial and stromal cells to produce 

molecules in preparation for the window of implantation opening, which occurs during the luteal 

phase of the ovarian cycle. The endometrial epithelial cells produce less mucus and express 

adhesion molecules (such as integrins) which will be needed to interact with the blastocyst. 

Osteopontin (also called Secreted Phosphoprotein 1 or SPP1) is released by both epithelial and 

stromal decidual cells, enabling to bind to integrins expressed on the blastocyst surface. 

Leukaemia inhibitory factor (LIF) is also secreted by endometrial epithelial cells during the 

window of implantation to sustain proliferation of both the foetal and the epithelial cells. In the 

stromal cell compartment sex hormones induce decidualization, a process where stromal cells 

change their shape and produce molecules needed to allow implantation. Among these, 

cytokines, such as LIF, are secreted to stimulate autocrine proliferation. IL-15, another cytokine, 

is released by both decidual and epithelial cells to stimulate the proliferation of decidual NK 

(dNK) cells and to inhibit their cytotoxicity against the invading blastocyst. Decidual cells can 

further inhibit dNK cells cytotoxic activation by releasing prolactin (PRL), which can bind the 
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prolactin receptor located on the dNK cell membrane. Lastly, decidual cells are also able to 

secrete vascular endothelial growth factor (VEGF), which stimulates spiral artery formation, 

which is crucial for correct placentation. 

 

6.1.1.b Stromal cell decidualisation 

The stromal cell layer undergoes changes during the menstrual cycle. In particular 

during the luteal phase the stromal cell start a decidualization reaction which is driven 

in vivo by progesterone and Prostaglandin E2 (PGE2) (188). During this process, the 

stromal cells change their shape and display changes in the surface and secreted 

molecules to help embryo implantation. The decidualization starts around the blood 

vessels and then spreads throughout the endometrial stroma and, if pregnancy 

establishes, is continued throughout pregnancy (188). Given that the stromal cell 

compartment is enriched with immune cells, several molecules produced by decidual 

cells are needed to interact with those immune mediators. For example prolactin (PRL) 

is secreted in high quantity by decidualized stromal cells (DSC) and is required to reduce 

the cytotoxicity of uNK cells, which display the prolactin receptor on their cell surface 

(188). Another marker for decidualization is insulin growth factor binding protein-1 

(IGFBP-1). The role for this molecule in implantation is still uncertain, however it is 

upregulated in amniotic fluid and its expression is controlled by progesterone. It was 

speculated that its main role is to modulate the growth induced by the oestrogen-

stimulated Insulin-like Growth Factor 1 (IGF-1) (188). Decidual cells are located close to 

the spiral arteries, thus they also secrete Tissue Factor, a membrane-bound molecule 

which is able to inhibit bleeding and also possess angiogenic functions (188). Recent 

finding have also highlighted increased SPP1 (osteopontin) expression in decidualized 

stromal cells (432).  

Decidual cells display adhesion molecules, needed to interact with the invading embryo 

and anchoring it. For example, laminin and fibronectin are expressed only by decidual 

cells and not by the underlying myometrium, allowing to direct trophoblast invasion and 

limit it only within the endometrium.  
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Decidual cells also secrete cytokines which are involved both in implantation as well as 

maintaining decidualisation. DSC can secrete LIF and IL-6, already discussed in the 

epithelial cell section, and also IL-11. IL-11 has been shown to mediate decidualisation 

using neutralisation models (188). IL-1 cytokines show an inhibitory function on 

decidualisation, since IL-1β is shown to decrease PRL and IGFBP-1 if added to in vitro 

decidualisation models, however some levels of IL-1 are needed in the epithelial layer 

to allow correct implantation, as mentioned above. IL-15 also can be produced by 

decidualized stromal cells, again reinforcing their crosstalk with the immune cell by 

stimulating uNK cells to reduce their cytotoxicity and increase their proliferation (188). 

Stromal decidual cells also secrete VEGF as well as matrix-metalloproteinases, thus 

contributing to the extracellular matrix remodeling and blood vessel formation needed 

for trophoblast invasion and placentation (188). 

 

6.1.2 In vitro models of the window of implantation 

Due to the limited amount of time in which the endometrium is receptive and due to 

the limited success rates deriving from implantation outside the implantation window, 

consistent research has been carried out to study the processes leading to endometrial 

receptivity and stromal decidualization.  

To assess endometrial receptivity, primary human endometrial epithelial cells (hEECs) 

as well as certain tumoral cell lines can be stimulated in vitro with progesterone for up 

to 4 days (332, 333, 372, 433). Some cell models, such as the Ishikawa cell line, have 

been shown to decrease the membrane display of progesterone receptor upon 

stimulation with progesterone, since this molecule has been shown to induce cell death 

in tumoral cells (434). To prevent such phaenomenon, 17-β-Estradiol can be added to 

the stimulation, because it has been shown to maintain progesterone receptor 

expression on the cell membrane  (332). After these stimulations, integrin expression or 

localisation, and other markers of endometrial receptivity, already mentioned above, 

can be assessed. 

Similarly, primary human endometrial stromal cells (hESCs) can be treated with 

progesterone for up to 8 days to induce decidualisation in vitro (331, 432, 435). 
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However, in vitro treatment with progesterone alone does not fully induce 

decidualization. To allow decidualization, intracellular cAMP is shown to be critical in 

vitro, thus 8-bromo-cAMP must be added to the decidualization media (188). 

Decidualization markers, such as PRL and IGFBP1, can be measured to assess the effect 

of this stimulation.    

 

6.2 Hypothesis and aims 

 

Due to the observed failure of our cohort of women undergoing ART in establishing a 

successful pregnancy, we imagine that the implantation step is the one which failed in 

those women. All the women in our cohort, indeed, received an embryo transfer of good 

to high quality, therefore we think that the failure in the implantation step was caused 

by an altered maternal receptivity. We wondered whether the elevated levels of IL-17A 

or the different bacterial composition and, the consequent different bacterial-derived 

metabolome in the uterine microenvironment, might have had an impact on the 

window of implantation, making then impossible for the embryo being transferred to 

encounter an optimal ground to implant.  

Study outline: 

- Identify the impact that elevated IL-17A has on epithelial endometrial receptivity by 

using in vitro models of the window of implantation by treating Ishikawa cells with 

Progesterone and beta-Estradiol; 

- Understand whether IL-17A impacts on stromal cells decidualization by performing in 

vitro decidualization models in presence or absence of IL-17A; 

- Analyse the role that butyrate has during epithelial receptivity maturation by 

performing in vitro models with and without butyrate stimulation; 

- Identify the effect that butyrate has on stromal cell decidualization using in vitro 

models. 
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6.3 Results 

 

6.3.1 IL-17A does not impact on endometrial epithelial receptivity  

We first wondered what effect IL-17A might have on endometrial epithelial cell 

receptivity for embryo implantation. The window of implantation (WOI) corresponds to 

the mid-luteal phase, where the high levels of progesterone induce in endometrial 

epithelial and stromal cells changes to allow embryo implantation. Ishikawa cells have 

been used as model of endometrial receptivity by treating with Progesterone (P4) and 

Oestradiol (E2) for up to four days in the presence or absence of rIL-17A. E2 is added to 

this model since it was shown that Ishikawa cells decrease progesterone receptors when 

treated with progesterone, whereas addition of oestradiol allows to keep progesterone 

receptors expression (332). Progesterone is also used as treatment for endometrial 

tumours, since it is shown to induce cell death in tumoral cells (434), therefore cell death 

was assessed for the treatments. The viability in cells treated with Progesterone and 

Oestradiol or Progesterone and Oestradiol plus IL-17A remained around 100% (Figure 

6.2A.), thus the reagents did not show cytotoxicity in the doses and timepoints chosen. 

Then, the effect of the stimulation on the receptivity markers for mucin-1 (MUC1), 

integrin subunit αV (ITGAV) and osteopontin (SPP1) was assessed. When endometrial 

epithelial cells reach receptivity, during the window of implantation, they secrete less 

mucins and increase expression of integrins for allowing the interaction with the 

embryo. As expected, P4+E2 treatment results in decrease of MUC1 expression in cells 

treated for 1 and 2 days (Figure 6.2B.) and in significant increase in expression of ITGAV 

at day 3 and 4 (Figure 6.2C.). rIL-17A treatment alone did not show to modulate MUC1, 

whereas it showed contrasting effects on ITGAV expression by inducing a significant 

increase at day 3 and a decrease at day 4. The addition of IL-17A in combination with 

P4+E2 did not show to affect the expression of MUC1 and ITGAV. Another molecule 

which is shown to be expressed by endometrial epithelial cells during the window of 

implantation is osteopontin, a molecule that is involved in mediating embryo adhesion 

and implantation. P4+E2 treatment induces a significant increase in SPP1 expression 

after 4 days of stimulation, whereas IL-17A treatment did not change it (Figure 6.2D.). 
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Furthermore, addition of IL-17A to P4 and E2 did not show to modify the expression of 

SPP1, which is still significantly increased if compared to the control.  

LIF and IL-15 are two other mediators often used as markers for the window of 

implantation. In our model, P4+E2 did not increase their expression over time and 

adding IL-17A to this stimulation does not seem to impact on their expression (Figure 

6.2E-F.). 
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Figure 6.2. IL-17A does not affect endometrial epithelial receptivity markers. Ishikawa cells 

were treated for up to four days with P4 (1μM) and E2 (10nM) or with equal amounts of 

dissolving medium controls (DMSO or Ethanol, respectively), in the presence or absence of IL-

17A (10ng/mL). Treatment media was refreshed every 2 days. A. Treatment was also performed 

in 96-wells to which cell viability was assessed by adding 10% vol/vol of Alamar Blue and 

absorbance reading were collected. Relative cell viability was calculated using the reading of 
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media only as background control and the reading from the control as reference. B-F. Every day 

up to 4 days cells were harvested for extracting RNA and performing qPCR for receptivity 

markers: Mucin 1 (MUC1, B.), Integrin αV (ITGAV, C.), Osteopontin (Secreted Phosphoprotein 1, 

SPP1, D.), Leukemia inhibitory factor (LIF, E.) and IL-15 (F.). n=3. Statistical test applied: Two-

way ANOVA with Tukey correction. *p<0.05; **p<0.002; ***p<0.0002; ****p<0.0001.   . 

 

6.3.2 Effect of IL-17A on endometrial stromal cell decidualisation  

Another process that occurs during the window of implantation is stromal cell 

decidualisation. During this process, endometrial stromal cells change their shape and 

express genes coding for molecules involved in embryo implantation and dNK cell 

stimulation. Markers of stromal cell decidualisation are prolactin (PRL) and Insulin-like 

growth factor binding protein-1 (IGFBP1), whereas  osteopontin (SPP1) is also increased 

by decidual cells as marker of endometrial receptivity. To see whether IL-17A has an 

impact in stromal cell decidualisation, primary human endometrial stromal cells were 

obtained from endometrial biopsies and decidualisation was induced in presence or 

absence of IL-17A. Endometrial stromal cell decidualisation can be induced in vitro by 

treating cells with progesterone (P4) in the presence of 8-Br-cAMP for up to 6 days. As 

expected, decidualisation of hESC induces increased expression of all these three 

markers (Figure 6.3). Decidualisation media increases SPP1 expression at day 4 and 6, 

whereas IL-17A treatment shows a decrease of SPP1 expression at day 6 (Figure 6.3A.). 

However, it can be noticed that in the cells treated with decidualisation media+IL-17A 

increased  expression is maintained if compared to the control, except for a decrease 

showed at day 4, which is restored at day 6 (Figure 6.3A.). PRL and IGFBP1 show a time-

dependent increase in their expression, which starts already after one day of 

decidualisation media treatment and reaches very high fold changes at day 4 and 6 

(Figure 6.3B. and C.). It can be noticed that again IL-17A treatment, either alone or in 

combination with decidualisation media, shows no effects in modulating expression of 

these markers, even though it can be noticed a very slight decrease in PRL and IL-15 

expression induced at day 4 (Figure 6.3B. and D.). Furthermore, IL-17A alone or added 

to the stromal decidualisation media induced a greater fold change in LIF expression if 

compared to decidualisation media alone (Figure 6.3E.). Cell viability was also 
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monitored, and it was noticed that IL-17A treatment did not affect stromal cell viability 

during the decidualisation treatment, so as for the decidualisation media alone (Figure 

6.3F.). 

Thus, IL-17A does not seem to have a sustained significant impact on stromal cells 

decidualisation. the decrease observed at day 4 upon IL-17A treatment alongside 

decidualisation media did not reach statistical significance, but probably having an 

increased number of biological replicates could give a better idea whether this is 

consistent  and might suggest a role for IL-17A in impacting on embryo implantation 

through repression of stromal cell decidualisation markers at an early phase.  
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Figure 6.3. IL-17A treatment affects stromal cells decidualisation. Primary human endometrial 

stromal cells were obtained from endometrial biopsies. Cells were treated for up to six days with 

decidualisation media (P4, 1μM, and 8-Br-cAMP, 0.1mg/mL) or with equal amounts of dissolving 

medium controls (DMSO), in the presence or absence of IL-17A (10ng/mL). Treatment media was 

refreshed every 2 days. At timepoints 1, 2, 4 and 6 days RNA was extracted from cells and qPCR 

performed using RPLP0 as housekeeping reference gene. Genes of interest are endometrial 

receptivity marker SPP1 (A.), decidualisation markers Prolactin, PRL (B.) and Insulin-like growth 

factor binding protein-1,IGFBP1 (C.) and markers for the window of implantation IL-15 (D.) and 

LIF (E.). F. Viability was assessed by performing the same stimulation in a dedicated 96-well to 

which 10% vol/vol Alamar Blue was added and viability calculated as percentage compared to 

those observed for the control samples. n=3. Statistical test applied: Two-way ANOVA with Tukey 

correction. *p<0.05; **p<0.002; ***p<0.0002; ****p<0.0001. 

 

6.3.3 Butyrate enhances endometrial epithelial receptivity and stromal 

decidualisation  

Once established the pro-inflammatory roles of butyrate in endometrial epithelial cells, 

we then wondered what the functional consequences would be in fertility outcomes. 

Specifically, we aimed to understand the effect that butyrate has on the endometrium 

during the window of implantation (WOI), which is the most critical step for pregnancy 

establishment. To do so, we repeated the epithelial receptivity and stromal 

decidualisation models in the presence or absence of butyrate.  

Given that we observed increased cell death in cells treated with 8mM butyrate for 48h 

and since the 2mM dose displayed to induce a similar response, the lower dose of 

butyrate was used to perform the endometrial receptivity assay since it requires 4 days 

of treatment. The treatment of Ishikawa cells with 2mM butyrate alone or in 

conjunction with Progesterone (P4) and Oestradiol (E2) showed to significantly decrease 

the relative viability of cells to approximately 60% if compared to the control cells 

(Figure 6.4A.). Treatment of Ishikawa cells with P4 and E2 decreases MUC1 expression 

and increases the expression of ITGAV and SPP1, recapitulating the changes happening 

during the WOI (Figure 6.4B-D.). The treatment of Ishikawa cells with butyrate alone or 

in conjunction with P4 and E2 significantly decreased MUC1 expression after 1 day, even 
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more than what it is observed with P4 and E2 treatment alone, however it then slightly 

increases over time in the other time points (Figure 6.4B.). ITGAV and SPP1 expression 

is greatly increased by butyrate, much more than the cells treated with only P4 and E2 

and show an increase in a time-dependent manner (Figure 6.4C-D.). Furthermore, the 

treatment with butyrate in conjunction with P4 and E2 shows similar levels of induction 

of ITGAV and SPP1 to the ones observed in the cells treated with butyrate alone, 

meaning that the butyrate treatment is predominantly driving this response. Other two 

well-known markers of endometrial receptivity, Leukemia Inhibitory Factor (LIF) and IL-

15, are substantially increased by butyrate treatment, showing significantly higher levels 

than in the cells treated with sex hormones alone (Figure 6.4E-F.). 
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Figure 6.4. Butyrate enhances the epithelial expression of markers associated with 

endometrial receptivity. Ishikawa cells were treated for up to 4 days with P4 (1μM) and E2 
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(10nM) or with equal amounts of dissolving medium controls (DMSO or Ethanol, respectively), 

with or without 2mM butyrate. The treatment media was replaced every 2 days. A. Cell viability 

was assessed by adding to the growing media 10% vol/vol Alamar Blue and reading conversion 

of resazurin in live cells. Calculation of cell viability was performed using the control cells as 

reference. B-F. RNA was extracted and expression of MUC1 (B.), ITGAV (C.), SPP1 (D.), LIF (E.) 

and IL-15 (F.) was assessed with qPCR using RPLP0 as reference gene. N=3. Statistical test 

applied: Two-way ANOVA with Tukey correction. *p<0.05; **p<0.002; ***p<0.0002; 

****p<0.0001.  

 

 When the same dose of butyrate was used in the stromal decidualisation model we 

observed a similar trend (Figure 6.5). We observed that treatment of hESC with 

decidualisation media resulted in a time dependent increase of SPP1 (Figure 6.5A.), PRL 

(Figure 6.5B.) and IGFBP1 (Figure 6.5C.). Butyrate treatment alone induced increase of 

all these three markers, although the increase observed for SPP1 was greater than the 

one observed in the decidualisation media. Whereas PRL and IGFBP1 levels after 

butyrate treatment alone were in general lower than the ones observed in the 

decidualisation treated cells. SPP1 levels in cells treated with decidualisation media plus 

butyrate were much higher than the levels observed in cells treated with decidualisation 

media alone, but with a similar fold change as the butyrate alone treatment, suggesting 

that butyrate is a potent inducer of SPP1 expression (Figure 6.5A.). In the case of PRL 

and IGFBP1 the expression observed after treatment with decidualisation media in the 

presence of butyrate is higher than the one observed in the decidualisation media alone 

treatment, but it is much increased than the one observed in butyrate only treated cells 

(Figure 6.5B-C.). This finding suggest that butyrate might have an additive effect in 

driving the increase in expression of PRL and IGFBP1. Also, after 1 day of treatment it 

seems that butyrate inhibits IGFBP1 increase, as it can be observed a lower expression 

in cells treated with decidualisation media plus butyrate if compared to cells treated 

with decidualisation media only (Figure 6.5C.). Intriguingly, when butyrate is added to 

the decidualisation media, the expression of LIF and IL-15 is significantly reduced if 

compared to the decidualised cells (Figure 6.5D-E.). This result is in contrast with the 

earlier finding of increased IL-15 and LIF expression in epithelial cells. Another 

contrasting result compared to those observed for the epithelial cells is the effect of 
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butyrate on stromal cell viability. Contrarily to the decrease in cell viability observed 

during the epithelial receptivity assay, no changes can be observed in the percentage 

viability of butyrate treated cells, with or without the stromal decidualisation media, 

(Figure 6.5F.). 

Butyrate seems to impact in the WOI by increasing the markers associated with 

endometrial receptivity and also those linked to stromal decidualisation. Butyrate 

treatment alone was shown to drive an increase in endometrial receptivity markers, 

more substantial that that observed after sex steroid hormone (P4 and E2) treatment. 

However, it seems that butyrate influences stromal decidualisation by potentiating the 

decidualisation signalling induced by sex-hormones.  
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Figure 6.5. Butyrate enhances stromal decidualisation markers but decreases LIF and IL-15. 

Human endometrial stromal cells were isolated from endometrial biopsies. Cells were treated 

for up to six days with decidualisation media (P4, 1μM, and 8-Br-cAMP, 0.1mg/mL) or with equal 

amounts of dissolving medium controls (DMSO), in the presence or absence of 2mM Butyrate. 

Treatment media was refreshed every 2 days. RNA was extracted and qPCR was performed using 

RPLP0 as housekeeping reference gene. Shown is relative gene expression of A. SPP1,  B. PRL, C. 

IGFBP1, D. LIF, E. IL-15. F. Cell viability was assessed by adding 10%vol/vol Alamar Blue and 

recording resazurin conversion at each timepoint and then calculare the relative % viability 

compared with control cells. N=3. Statistical test applied: Two-way ANOVA with Tukey 

correction. *p<0.05; **p<0.002; ***p<0.0002; ****p<0.0001. 
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6.4 Discussion 

 

We aimed to establish a role that IL-17A and butyrate could have in modulating fertility. 

In particular, we were interested in understanding whether IL-17A could modulate 

epithelial and stromal cell receptivity for embryo implantation, which was the step 

which failed in the women who were unable to get pregnant through ART in our study 

(214). Several studies have now been performed to recapitulate in vitro the changes 

observed during the window of implantation (331, 332).  

To establish in vitro models for the window of implantation we used Ishikawa cells for 

recapitulating endometrial receptivity and primary human endometrial stromal cells 

(hESC) to induce decidualisation. Ishikawa cells have already been reported in literature 

as a suitable model for inducing endometrial epithelial receptivity (332, 333) and, 

similarly, have been optimised doses and timepoints to induce decidualisation in hESCs 

(331, 432, 435). We have noticed that in both cases the expression of epithelial and 

decidual cell markers are increased by treatment with progesterone, however the 

decidualisation treatment induced the highest fold change. Despite hESCs would be 

collected from women undergoing surgery at various stages in their endometrial cycle 

(Table 2.1), maintaining stromal cells for few days in the stromal cell media completely 

deprived of hormones was enough to reset their maturation stage and, when hormones 

were added again in the stimulation, induce a greater response. On the other hand, 

Ishikawa cells were maintained in media supplemented with foetal bovine serum and 

then replaced with hormonal-deprived charcoal stripped media only the day before the 

stimulation. This might have dampened the response of this cell line to the hormonal 

treatment, causing the smaller fold change observed if compared to the hESCs. 

Endometrial epithelial receptivity model performed in Ishikawa cells resulted in 

receptivity markers being upregulated (SPP1 and ITGAV) or downregulated (MUC1) as 

expected (Figure 6.2). However, IL-17A had no effect in the stimulation, meaning that 

would not likely impact directly on epithelial cells interaction with the embryo. In the 

model performed using primary human endometrial stromal cells, the decidualisation 

media induced increases decidualisation markers (PRL and IGFBP1) and in endometrial 
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receptivity (SPP1) (Figure 6.3). Also in this model, IL-17A did not change decidualisation 

markers, except for a slight decrease in PRL and SPP1 expression at the timepoint 4 days, 

which is restored at 6 days (Figure 6.3B.). The decrease is not statistically significant, 

however could point out for a possible role of IL-17A in impairing stromal cell 

decidualisation. 

 It is then possible that IL-17A, in conditions of infection, can be secreted by endometrial 

epithelial cells as well as from immune cells. This leads to increased levels of this 

cytokine which could impact on fertility by delaying decidualisation, a process 

fundamental for the early stages of pregnancy (Figure 6.6). Decidual cells are indeed 

needed for correct embryo implantation, as well as being involved in secretion of 

growth factors and angiogenic factors needed for embryo growth and for correct spiral 

artery formation during placentation (436). Another clue for IL-17A being harmful for 

decidualisation resides on the fact that decidual stromal cells have been found to 

downregulate IL-17A by impairing TH17 maturation (369). However, other reports have 

suggested that the decidua is enriched in TH17 cells, which do not have a negative impact 

on pregnancy outcomes if maintain IL-4 secretion (199, 200). However, these two 

publications are studying cohort of women which had already established a pregnancy 

and the IL-17A was shown to be protective against unexplained recurrent abortion, 

therefore it could still be possible that IL-17A is detrimental for early pregnancy steps 

such as implantation and placentation and show a protective role during later stages. 

This highlights again how IL-17A shows a dichotomous nature of being essential for 

certain processes, but on the other hand if dysregulated and present in a higher amount, 

it can turn out to have a negative impact. Further studies would be needed to better 

clarify the role that this cytokine might have in the early stages of pregnancy. 
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Figure 6.6. IL-17A impairs embryo implantation by decreasing decidualisation. The model 

proposed sees IL-17A produced by epithelial cells alongside TH17 cells. Under healthy conditions, 

some levels of IL-17A are produced but they are not impairing decidualisation. In this way, 

decidual cells can mature correctly and contribute to embryo implantation. In infection settings, 

on the other hand, there are higher levels of IL-17A produced by both epithelial and immune 

cells. This leads to a decreased ability of stromal cells to mature into decidual cells, thus leading 

to failed embryo implantation because of the lack of the signals from the decidua.  

 

Once established that butyrate induces a pro-inflammatory signalling activation in 

endometrial epithelial cells, we then asked which are the functional consequences on 

female fertility. The most critical step for pregnancy establishment is the correct 

implantation, for which changes are put in place in the endometrium during the window 

of implantation. We wondered what effect butyrate does have when is added to cell 

models mimicking the window of implantation.  

First of all, we had to use a lower dose of butyrate (2mM), because it would induce 

consistent cell death if kept on epithelial cells for longer periods. Unfortunately, the 

concentration of butyrate in the endometrium is still unknown, however it is suggested 

that at mucosal sites the concentration of acetate could reach up to 20mM and, at least 

in the gut, acetate would be more abundant than butyrate and propionate in a 60:20:20 

ratio, which means that butyrate and propionate could be around 6mM (261). Of 

course, this reinforces the question whether this concentration of butyrate is 

physiologically present in the healthy endometrium or derived from a possible 
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dysbiosis/infection. In our case, we noticed that 2mM butyrate dose is already enough 

to significantly decrease epithelial cell viability after 3 days (Figure 6.4A.), suggesting 

that this concentration would not be tolerated if we hypothesize this as the butyrate 

concentration present in the healthy endometrium. On the other hand, 2mM butyrate 

has no effect on stromal cell viability, which again highlights the substantial differences 

between epithelial and stromal cells (Figure 6.5F.). The high decrease in cell viability 

induced by butyrate in epithelial cells also raises the question whether the effects 

observed are truly dependent on butyrate or maybe induced by activation of other cell 

death/stress pathways. 

The treatment of Ishikawa cells with progesterone and oestradiol lead to increased 

expression of ITGAV and SPP1 and decreased expression of MUC1 (Figure 6.4). Adding 

butyrate to the epithelial maturation media, drastically enhanced this pattern, by 

reducing MUC1 expression and increasing the expression of ITGAV and SPP1, as well as 

driving the over expression of other two markers associated with the WOI: IL-15 and LIF 

(Figure 6.4). In a similar way, butyrate added to decidualisation media induced SPP1 and 

it also resulted in enhanced stromal decidualisation markers, which reach higher 

expression at earlier timepoint (Figure 6.5). The changes associated with the window of 

implantation must be tightly controlled in terms of timing for allowing the correct 

crosstalk between the embryo, the epithelial cells, and the stromal compartment. We 

see butyrate greatly enhancing endometrial receptivity markers and stromal 

decidualisation, thus it might create an unbalanced environment which could be not 

ideal for a correct implantation, potentially anticipating the opening of the window of 

implantation (Figure 6.7).  

With regards of LIF and IL-15, we observe two opposite effects of butyrate, which 

increases their expression in epithelial cells and reduces them in the stromal cells. LIF is 

involved in inducing proliferation in both the maternal epithelial and stromal cells and 

in the invading trophoblast. IL-15 instead is involved in the communication of both 

epithelial and stromal cells with the decidual NK cells, inducing their proliferation and 

suppressing their cytotoxicity to favour beneficial effects such as spiral artery formation. 

Having an unbalanced IL-15 or LIF production, which is what seems to be present in both 
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the cases when there are too high levels of IL-17A and butyrate, might have an impact 

on fertility-related processes through dNK cells (Figure 6.7).  

We identified a different microbiome in women who were not able to carry a successful 

pregnancy, and this might have caused an increase in SCFAs content. We showed that 

butyrate induces an inflammatory signature activation in endometrial epithelial cells 

and that, if present during the WOI, it leads to enhanced receptivity and decidualisation. 

We could not access SCFAs levels in the women from the cohort, but further studies in 

determining the role of SCFAs in the FRT might shed light on the role that these 

compounds have on female fertility.   

 

 

Figure 6.7. Effects of excessive IL-17A and butyrate during the window of implantation. Under 

healthy conditions, the mediators released during the window of implantation are produced by 

both the receptive epithelium and the decidual stromal cells. When there is excessive IL-17A or 

butyrate, these molecules are secreted in a different amount, leading to failure in the right timing 

and right communication between the blastocyst, the dNK and the crosstalk between epithelial 

and stromal cells.  
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Chapter 7: General discussion and future perspectives 

 

7.1 General discussion 

The immunological processes involved in female fertility and pregnancy establishment 

are complex and require the participation of the maternal specialised tissues, such as 

endometrial epithelial and stromal cells, the local maternal immune system, the 

microbiota, and foetal-derived cells. This complicated balance is the reason why, even 

when couples undergo ART, where fertilisation occurs optimally and a high-quality 

embryo is established, the successful pregnancy rates are still below 50% (437). Thus, it 

is necessary to understand the involvement of each of the above-mentioned player in 

pregnancy, especially during the window of implantation, which is the most crucial step 

for pregnancy establishment.  

It was formerly believed that the maternal immune system was suppressed during 

pregnancy to allow foetal tolerance. However, it is now known that the maternal 

immune response is fundamental for pregnancy establishment and that this feature is 

maintained within the mammalian clade (318). As an example, dNK cells are shown to 

mediate spiral artery remodelling and help embryo implantation and placentation (31). 

Furthermore, during embryo implantation a pro-inflammatory signature is present and 

this process is shown to be mediated by two cytokines, LIF and IL-15 (187). Among the 

cytokines involved in pregnancy establishment, some studies also reported IL-17A. This 

pro-inflammatory cytokine shows a dichotomous nature since it is secreted in response 

to bacterial and fungal infections and is also linked to autoimmune diseases (56). In 

female fertility is not known the exact role of IL-17A, since it has been shown to mediate 

trophoblast chemotaxis (194) but it has also been linked to several fertility 

complications. Our group reported increased protein levels and pathway activation of 

IL-17A in women with unexplained infertility undergoing ART with unsuccessful 

outcomes (214). This points out that in those women there might have been an 

excessive pro-inflammatory activation, leading to implantation failure. 
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Also, the local microbiome plays an active part in female fertility. Unfortunately, the 

theory of the FRT being a sterile compartment has delayed the research, therefore is 

still missing a canonical consensus on what the healthy uterine microbiome is, provided 

that a microbiome will be confirmed to be present at all in this compartment. It must 

also be noted that the sampling for investigating the endometrial microbiome has been 

performed only in women undergoing surgical or laparoscopic procedures due to 

diagnosis or treatment for fertility complications, therefore they cannot be referred as 

healthy controls per se (438). A few studies reported that certain species are associated 

with fertility complications such as endometriosis (250, 256) or implantation failure and 

decreased pregnancy rates (255, 257). Furthermore, is not clear yet the impact that 

microbial-derived metabolites have on endometrial cells. For example, microbial-

derived SCFAs have been shown to have a pro-inflammatory role in the lower FRT, thus 

making it possible for the microbiome to modulate the immune response, similarly to 

what happens in the gut (438). 

The interaction between the immune system and the microbiome can be direct, 

however most of the times there is an epithelial layer acting as a barrier in dividing these 

two players. However the epithelial cells are now starting to be regarded not only as a 

mere physical barrier, but as active players in modulating innate immune responses 

(439). The endometrial epithelial cells can easily recognise several classes of pathogen 

associated molecular patterns (PAMPs) through expression of pattern recognition 

receptors (PRRs) (438), leading to cytokine and chemokine release to attract and 

activate immune cells (7). Furthermore, epithelial cells can directly mediate microbial 

killing by secreting AMPs (145). 

In this study we aimed to further characterise the interaction between immune cells, 

the epithelial cells, and the microbiome in the FRT.  

We were first interested in defining the effect that IL-17A and its related cytokines have 

on mammalian female fertility. Given that the pro-inflammatory signature observed 

during embryo implantation is also observed in marsupials (318, 350), we wondered 

whether the family of IL-17 cytokine might have evolved in mammalian clades to retain 

fertility-related functions. In these regards we were inspired by the work from Günter 
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P. Wagner group which, in the last years, have accumulated several publications to 

understand how mammalian pregnancy has evolved through comparative and 

evolutionary studies using eutherian and metatherian models (318, 440, 441). Modern 

mammals have evolved from the most recent common ancestor into three main clades: 

prototherian (also known as monotremes), metatherian (also known as marsupials) and 

eutherian mammals (also named placentals). It is likely that the mammalian MRCA 

displayed a similar gestation as the one observed in prototherian, thus they were egg 

laying mammals and performed an extrauterine incubation. Metatherian and eutherian 

mammals are viviparous, since they derive from the common most recent therian 

ancestor in which was present a shift in the egg hatching while the egg was still in the 

female womb (339). This process is still retained in metatherian and, despite the 

confusion generated by the nomenclature who defines eutherian as “placental 

mammals”, both metatherian and eutherian clades display maternal-foetal interactions 

though a placentation process which is accompanied by a pro-inflammatory 

environment (339). With this work we showed that IL-17 family of cytokines are present 

in all mammalian clades sharing the same genomic location, protein sequence and 

structure. Furthermore, IL-17s expression is elevated around placentation in both 

eutherian and metatherian datasets, confirming that this cytokine family might have 

role in this process. In particular, we saw upregulation of IL-17A in the marsupials M. 

domestica and N. eugenii, whereas in eutherian mammal we observed upregulation of 

IL-17D around placentation. This might be explained by the fact that stromal decidual 

cells, which are present only in eutherian mammals, are showed to inhibit IL-17A 

production (369), making thus possible for another family member, IL-17D, to take over.  

Another question still open is the characterisation of the functions of the IL-17 cytokine 

family and why there are six members of this cytokine family. To date, IL-17A, IL-17F, 

and IL-25 are the most studied due to their involvement in several pathologies. These 

cytokines share a very high percentage identity and they all use similar signalling 

pathways to trigger downstream gene activation which, except for IL-25 and IL-17D, 

which has not been fully characterised yet, is very similar (50). Therefore, one could 

question why there are so many IL-17s. It seems that these cytokines evolved long time 

ago, since their homologous counterparts can also be identified in invertebrates (368). 
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If we look at the human IL-17s we could see that IL-17A and IL-17F are the most closely 

related, then IL-17B and IL-17D are the more similar each other and lastly IL-17C and IL-

25, which are the most distantly related (442). The fact that we identified IL-17A and IL-

17F genes located in a syntenic block suggests a gene duplication event. These two 

cytokines are also known to form heterodimers, however the heterodimers made by 

the other IL-17s are not yet been identified and their location is found in different 

chromosomes. It seems that, through evolution, these cytokines might have adapted 

their signalling pathway activation to respond to different infections. The role of IL-17A 

and IL-17F in activating mucosal immune responses against bacteria and fungi infection, 

happening in all mucosal sites throughout the body, has been already mentioned. IL-

17B and IL-17C are expressed in certain mucosal sites such as lungs and gut and are 

heavily involved in antibacterial responses (45). IL-25 is instead associated with Th2 

immunity activation, and it has been found to be fundamental against helminth parasitic 

infection (443). The function of IL-17D has not been completely understood yet, 

however it mediates NK cell recruitment leading to tumoral or viral-infected cell lysis 

(106). Alongside these functions, IL-17s are also associated with several pathologies, 

mainly driven by excessive autoimmune inflammation (444).  

For what concerns female fertility, it seems that excessive IL-17 cytokine activation is 

linked to several complications, such as endometriosis (204), pre-eclampsia (225) and 

unexplained infertility (237). Our group has observed increased levels of IL-17A in 

women with unexplained infertility undergoing ART with unsuccessful outcome (214). 

Since the women with unsuccessful pregnancy received a good/top quality embryo but 

failed to display signs of clinical pregnancy such as a positive ultrasound scan and 

positive serum βhCG, we hypothesize that the embryo implantation step failed in those 

donors (214). Therefore, we used recombinant IL-17A to mimic the high levels observed 

in the donors to perform in vitro models of endometrial receptivity and stromal 

decidualization. This approach led to inconclusive results as no changes can be observed 

in cells who received rIL-17A together with progesterone, with only a slight decrease of 

certain stromal cell decidualisation markers at day 4 from progesterone administration. 

Given that the opening of the window of implantation is a tight timed process, this 
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decrease might delay the decidual cell signals, required to allow correct embryo 

implantation, but further analysis would be needed to confirm this hypothesis.  

Regarding the cell types responsible for the production of these cytokines, IL-17A is the 

one whose production is known to be restricted to immune cells only (136). All the other 

IL-17s can be produced by non-immune cells, such as epithelial cells in the case of IL-

17B, IL-17C and IL-25 (45). Since we observed increased IL-17A in the women with 

unexplained infertility undergoing ART, we first wondered whether an increased 

immune cell infiltration was causing such pro-inflammatory release. However, we saw 

that the immune cell population infiltration present in the biopsy was similar between 

the successful and unsuccessful group. We obtained this result using the bulk RNA-seq 

counts matrix and applying a gene signature characteristic of immune cells using 

Cybersortx. This is a retrospective approach to obtain single-cell data from bulk RNA-

seq, through the Cybersortx tool which is now well established and used in the literature 

(445). The matrix used for the gene signature was derived from circulating blood, 

therefore the fact that no differences can be observed between the two groups might 

be an artifact due to the different phenotype of resident immune cells in the FRT 

showing a different gene signature. However, looking at the normalised expression of 

immune cell markers in the RNA-seq showed similar levels between the two groups, 

therefore we hypothesized that the production of IL-17A was mediated by non-immune 

cells.  

Endometrial epithelial cells are known to be able to produce cytokines and chemokines 

(7), thus we hypothesized that this cytokine might be produced in the epithelial cells. 

We saw increased mRNA levels of IL-17A transcript in both tumoral cell line and in 

primary human endometrial epithelial cells (hEEC) in response to bacterial ligands, LPS 

and sodium butyrate, and viral RNA analogue poly(I:C). Intriguingly, sodium butyrate 

stimulation was the only one who resulted in increased IL-17A protein synthesis, which 

was not observed in LPS or poly(I:C) stimulation, despite the mRNA increase happened 

approximately at the same time and with similar fold change. It is possible that during 

poly(I:C) or LPS stimulation the regulation of IL-17A expression involves other pathways, 

since we observed no effect on IL-17A expression when Nf-κB inhibitors are added 

during sodium butyrate stimulation. It is possible that the regulation of IL-17A mediated 
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by sodium butyrate involves epigenetic mechanisms, as we have observed a peak 

located 15kb upstream the transcription starting site. Butyrylation of histones has been 

linked to gene transcription activation (329), thus we think that the region involved in 

the butyrylation peak might be an enhancer for IL-17A expression. 

It must also be noted that, even with sodium butyrate stimulation, the protein levels of 

IL-17A were still very low, for example the ELISA readout was very close to the assay 

limit of detection and the flow cytometry increased from 1% to approximately 5% 

positivity. Despite very low levels of IL-17A were found in epithelial cells, this data was 

not surprising. For example TH17 cell stimulated for 5h with PMA and Ionomycin, a well-

known stimulation for IL-17A production, reach a percentage positivity of about 6.6% 

(111) and IL-17A producing TRM cells challenged for 56 days display 45% percentage 

positivity (115). In psoriasis, the most representative IL-17A-driven pathology in which 

extremely high level of this cytokine are observed, the concentration is around 80pg/mL 

in psoriatic lesions and 10pg/mL in adjacent non psoriatic skin (154). This gives us an 

idea of the intensity of the pro-inflammatory activation deriving from IL-17A, given that 

this cytokine is required in very low amounts to contribute to a very strong inflammatory 

signature.  

Once established that also non-immune cells can produce IL-17A, we sought to 

investigate why there were such high levels of this cytokine in the women with 

unexplained infertility undergoing ART with unsuccessful pregnancies. Since IL-17A is 

released upon bacterial infection, we wondered whether a different microbiome might 

have characterised those women. We observed a different microbiome in the two 

groups, with a more diverse microbiome and a lower abundance of Lactobacillus spp. in 

women with unsuccessful pregnancy outcome. It must be pointed out that at sample 

collection those women did not display any symptoms related to bacterial infection, 

thus it is possible that the changes observed can be attributed to a silent dysbiosis. A 

study performed on fertile and infertile women with sample collected during pre-

receptive and receptive phase showed a similar finding, with some donors displaying a 

Lactobacillus-dominated microbiota and some other with non-Lactobacillus-dominated 

microbiota, containing Atopodium, Prevotella and Gardnerella genera, similar to the 

ones identified by our study (255). The same study also highlighted how women with a 
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Lactobacillus-dominated microbiome showed higher successful implantation rates and 

live birth rates, which is also what we have observed in our group. Another question 

regards whether the dysbiosis observed is due to the upregulation of IL-17A pathway, 

which for some reason could have depleted more the Lactobacillus species leading to 

increased proliferation of the minor species, or if the IL-17A was secreted in response 

to the dysbiosis to restore homeostasis and return to the Lactobacillus-dominated 

microbiome. It could also be possible that some microbial species drive IL-17A 

production, as it happens in the gut. There, commensal segmented filamentous bacteria 

stimulate IL-17-producing cell expansion, leading to AMP release that can modify the 

intestinal microbiota (446). Thus, it could be possible that the interplay between IL-17A 

and microbiome involves a two-way communication.  

What is also not known yet is the composition of microbial metabolites in the 

endometrium. Due to the difficulty in obtaining samples because of the invasive 

methods of collection, studying the endometrial microbial metabolome represents a 

challenge and what is known is obtained from women undergoing gynaecological 

investigation, who cannot be really considered as healthy controls. However, with this 

study we highlighted how the microbial derived SCFA sodium butyrate can induce pro-

inflammatory mucosal activation in vitro, similarly to what happens when this 

metabolite accumulates in the vagina during bacterial vaginosis (273). It is intriguing 

how the same molecule can stimulate two opposite effects depending on the location. 

Indeed butyrate shows anti-inflammatory actions in the gut and lack of this metabolite 

results in higher risk of inflammatory bowel diseases, IBD (261). This is even more 

intriguing as HIF1α pathway seems to be activated in cells treated with butyrate, which 

is one of the pathways also activated in the gut to promote barrier integrity (396). 

Since both IL-17A and butyrate induce an inflammatory signature in the FRT, which we 

have shown to be detrimental for a positive outcome for pregnancy, we could speculate 

whether modulating these molecules could be beneficial. Some anti-inflammatory and 

immunosuppressive therapies are now used to ameliorate certain fertility complications 

such as pre-eclampsia (186). Therapies targeting IL-17A pathway are now used as a gold 

standard for auto-inflammatory diseases, however they are also associated with 

increased risk of bacterial and fungal infections, since the control over infections 
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mediated by this cytokine is also inhibited (146). In the context of gut inflammation, 

administration of enemas containing butyrate or prebiotics involved in SCFA production 

is showing encouraging effects in reducing the inflammation observed in IBDs, Crohn 

disease and ulcerative colitis (392). These therapies cannot be used yet for fertility 

complications, because more research would be needed to optimise them for safety 

and efficacy.  

Therefore, another approach that could be put in place is to monitor when the levels 

observed of these molecules are optimal. Over the years, several studies have 

highlighted the markers associated with endometrial receptivity and stromal 

decidualisation during the window of implantation (188, 359, 428, 429). It is known that, 

since the window of implantation only lasts a couple of days, it is fundamental that 

embryo reaches the endometrium within those days, otherwise there will be 

implantation failure. Thus, the use of these markers is now becoming a popular strategy, 

for women undergoing ART, to determine when the window of implantation is open and 

proceed to embryo transfer (314, 447). Despite the opening of the WOI depends on 

progesterone, astudy from Enciso et al. showed that 34.2% of the women enrolled in 

the study had a displaced WOI, ranging from women who were receptive as early as 2.5 

days after progesterone intake, and women who become receptive after 8 days (447). 

The explanation for this broad range in variation might be the involvement of immune 

or microbial-derived mediators (Figure 7.1). We showed, indeed, that both IL-17A and 

sodium butyrate can impact on endometrial receptivity and decidualization markers by 

using in vitro models. IL-17A does not seem to impact on the markers for epithelial 

receptivity, however it causes a slight decrease in certain stromal decidualization 

markers at day 4 from the starting of decidualization treatment. Sodium butyrate has 

an even greater impact on both endometrial receptivity and stromal decidualization by 

increasing these markers by several folds. These findings confirm that both the immune 

system and the microbiome can impact directly on fertility, thus, when studying the 

WOI, we should look at the entire composition of the endometrium and not only focus 

on the specialised cells, such as the epithelial and decidual cell markers.    
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Figure 7.1. Proposed model associated with dysbiosis and inflammation in the FRT. In normal 

eubiosis condition (left) the endometrial epithelium and stromal cells are in the presence of 

commensal microbiota, resulting in no inflammatory activation. This leads to optimal epithelial 

receptivity maturation and stromal cell decidualisation culminating in correct embryo 

attachment. In infection settings (right), pathogens colonise the FRT thus causing inflammation 

and promoting the release of microbial-derived SCFAs such as butyrate (blu spheres). The 

presence of butyrate highly increases epithelial receptivity and stromal cell decidualisation 

markers, possibly leading to anticipation of the window of implantation and resulting in 

implantation failure.  
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7.2 Future perspectives 

The work presented has generated several interesting findings opening new avenues for 

further research in the context of mucosal immunology and female fertility. 

In particular we found, when analysing the structure of the IL-17 cytokines using 

bioinformatic approaches, that the cystine-knot motif they are characterised by is also 

shared by several other molecules such as hormones and growth factors, including 

βhCG, VEGF and placental growth factor (P1GF) (46, 448). Indeed, a lot of attention is 

given in literature to these molecules, often referred as if they are the only ones 

presenting the cystine-knot motif (46, 448). Interestingly, many molecules showing the 

cystine-knot motif have reproduction-related functions, such as βhCG, LH, FSH and TSH 

(449). The activation of IL-17A signalling pathway was also observed through synergistic 

activation with other growth factors, for example trough simultaneous activation with 

FGF2 signalling through Act1 (70). The analysis of possible interactions of IL-17s with 

pregnancy-related hormones and growth factors was beyond the scope of this project. 

However, future studies might examine whether the action of IL-17s in pregnancy could 

also involve their ability to cooperate or hinder other molecules displaying a similar 

structure, such as the cystine-knot motif proteins. For example, it could be possible an 

heterodimerisation of proteins showing a cystine-knot motif or heterologous binding of 

a cystine-knot protein with the receptor for another protein, leading to different 

modulation of downstream signalling pathway. 

Another open question regards which cells are responsible for IL-17A production in the 

endometrium. We could not obtain more samples or information from the donors of 

our study. However, obtaining more samples from another cohort of women with 

unexplained infertility could be useful to perform immune cell and non-immune cell 

phenotyping alongside IL-17A staining, to see which cell type is responsible for the 

production of this cytokine. It is known that stromal cells possess the IL-17RA/RC, 

making them able to respond to IL-17A stimulation, but whether this cytokine is actively 

produced by this cell type has not been investigated yet. Preliminary work performing 

immunohistochemistry on endometrial biopsies has showed that IL-17A positive 

staining is mainly localised within the stromal cells compartment (Figure 7.2). Further 



224 
 

work would be needed to identify whether stromal cells can produce IL-17A or if the 

cells identified in the stromal cell component are immune cells. 

Also, it is possible that the high IL-17A protein observed was because those samples 

were taken during the window of implantation, in which a pro-inflammatory activation 

might be observed. Therefore, analysing whether this cytokine is subject to hormonal 

regulation and changes its levels during menstrual cycle could be useful to better 

understand the role of IL-17A in fertility.  

Figure 7.2. IL-17A staining is mainly localised within stromal cells in endometrial biopsies. 

Endometrial biopsies were obtained from women undergoing endometriosis assessment and 

then formalin-fixed and paraffin embedded. Sections of 0.5μm tickness were cut with a 

microtome and mounted on a glass slide. Immunohystochemistry was performed for IL-17A 

(upper panel) and markers for epithelial cells (cytokeratin) or stromal cells (CD10). Scale bar is 

shown in the bottom right corner (50μm). N=8.  

Through using in vitro models of endometrial receptivity and stromal decidualisation we 

showed that inflammation and microbial-derived metabolites might impact the window 

of implantation. However, we believe this is just the tip of a much bigger iceberg. 
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Further studies would be required to characterise how these molecules impact on the 

window of implantation, possibly using in vivo mouse models or co-culture models of 

epithelial and stromal cells to give a complete vision of the epithelial-decidual cells 

interaction when there is a disturbing stimulus in play. 

In this project, we describe a different microbiome in women undergoing ART with 

negative pregnancy outcome. Unfortunately, our cohort included only 30 women, thus 

repeating this finding in a validation cohort would be important to see whether this 

finding is confirmed or not.  

Also, our samples were collected in the mid-luteal phase of the cycle before the embryo 

was transferred, thus we cannot be sure that the microbiome observed was the same 

as the one present when embryo was transferred in the following cycle. Microbiome 

communities are generally very dynamic and it is known that there is a gut-genital tract 

microbiota crosstalk that can contribute to change the uterine microbiota, alongside the 

changes induced by sex hormones (261). Using in vivo mouse models, it is possible to 

study whether the microbiome changes throughout individual menstrual cycle and 

whether is constant between cycles and what is the impact that gut microbiota and food 

has on genital microbiome. This would enhance the knowledge regarding the uterine 

microbiota and would also pose the bases for a possible therapeutic approach to obtain 

an optimal “fertile and receptive” microbiome. 

We have identified that the SCFA butyrate induces inflammation in in vitro models of 

endometrial epithelial cells. However, it is not known precisely which components of 

the endometrial microbiome are responsible for butyrate secretion, nor the presence 

of butyrate or the exact concentration in the uterus. We hope that further studies will 

clarify the composition of the microbial metabolome in the uterus and possibly correlate 

with pregnancy outcome. It is generally believed that the cervix acts as a barrier to 

inhibit the exchange of bacterial species and metabolites between the endometrium 

and the vagina. However, some studies are showing that there is a continuity between 

the endometrium and the vagina. Thus, it might be possible accessing vaginal samples 

to observe what is also located in the endometrium. This would provide an easier way 

to access samples useful to determine the optimal microbiome/metabolome for a 

successful pregnancy establishment.   
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Identification of the butyrylation peak upstream of the IL-17A transcription starting site 

using an available ChIP-seq database represents an interesting modulation induced by 

this SCFA. Further studies would be required to characterise whether butyrylation is 

needed to allow IL-17A transcription, for example using the peak region of IL-17A cloned 

upstream the firefly luciferase reporter gene and looking at the effect that butyrylation 

of this region has on gene transcription. Another approach could be to use butyrylation 

inhibitors and see whether IL-17A transcription is abolished. In an adipogenesis model,  

a role for the p300 acetyltransferase in mediating lysine butyrylation was identified by 

using a selective inhibitor LTK-14A (450). Characterisation of the epigenetic regulatory 

effect that butyrate has on IL-17A could also be a conserved mechanism for other 

immune genes. Therefore, a ChIP-seq on human samples, for example immune and non-

immune cells, could be useful to determine whether differential regulation 

characterises those different cell types. 

Another interesting question would be whether butyrate is responsible for a higher and 

faster inflammatory response when a second infection would happen. Since butyrate 

stimulates pro-inflammatory mucosal activation in our cell models, adding a second 

stimulus mimicking a second bacterial or viral infection would be interesting to see 

whether the response to the second stimulus is faster and with higher potency, making 

butyrate a molecule responsible for epithelial cell training.  

Obtaining more information with any of these approaches could lead to new therapies 

for the treatment of infertility. The maternal immune system plays a central role during 

pregnancy establishment and throughout all pregnancy stages, not only by allowing 

pregnancy-related processes, but also protecting the mother, and consequently the 

foetus, from infections. Therefore, a careful approach must be put in place when trying 

to stop excessive immune reactions, to maintain this delicate balance. Although 

therapies targeting IL-17A pathway show high efficacy in the treatment of psoriasis, in 

other contexts such as for IBD and Crohn’s disease they show worsening clinical 

inflammation (146). Also, it has been noted an increase opportunistic infection of 

Candida albicans in patients under anti-IL-17A therapies, due to the reduced control of 

this molecule against this pathogen (184). Therefore, if we increase our understanding 

of the link between microbiome and immune system in the FRT, we could speculate that 
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modulating the microbiome could then modulate the immune system in a more 

physiological manner, avoiding side effects that might put at risk both the mother and 

the foetus.     
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Appendix 

 

I. List of Materials, reagents and equipment used in the 

study 

 

Table I.1: General reagents used with manufacturer details 

Reagent Company Catalogue number 

Cell Isolation and cell culture  

Alamar blue cell viability 

reagent 
Invitrogen DAL1025 

Amphotericin B  Gibco 15290-026 

Bovine Serum Albumin Sigma-Aldrich A9418-5G 

Collagenase IV Worthington Biochemical LS004210 

Distilled, sterile, nuclease-

free water 
Gibco 10977-035 

DNAse I Sigma-Aldrich DN25 

Dimethyl Sulfoxide 

(DMSO) 
Sigma-Aldrich D2660-100ML 

Ethanol Honeywell E7023-500ML 

Fetal Bovine Serum (FBS) Gibco 10270106 

Fetal Bovine Serum 

(charcoal-stripped) 
Gibco A3382101 

Hank’s balanced saline 

solution 
Gibco 14175-053 

HEPES buffer Gibco 15630056 

Keratinocyte serum free 

media (KSFM) 
Gibco 17005042 
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Keratinocyte serum free 

media (KSFM) 

supplements 

Gibco 37000015 

Minimim Essential Media 

(MEM) 
Gibco 31095029 

Non-essential Amino Acids Sigma-Aldrich M7145-100ML 

Penicillin-Streptomycin Gibco 15070-063 

Phosphate buffered saline 

(PBS)  
Gibco 14190094 

Trypsin-EDTA solution Sigma-Aldrich t3924-500ml 

RNA Isolation, cDNA synthesis and qPCR  

Agarose Sigma-Aldrich A9539-500G 

High-Capacity cDNA 

Reverse Transcription Kit 
Applied Biosystems 4368814 

Isopropanol Thermo-Fisher Scientific bp2618-500 

PowerUp™ SYBR™ Green 

Master Mix 
Applied Biosystems A25742 

SYBR™ Safe DNA Gel Stain Invitrogen S33102 

TRIzol™ Reagent Invitrogen 15596018 

Flow Cytometry   

AbC total Antibody 

Compensation Bead Kit 
Invitrogen A10513 

Brefeldin A   

eBioscience™ Foxp3 / 

Transcription Factor 

Staining Buffer Set 

eBioscience 00-5523-00 

Fc block BD Pharmingen 564220 

ELISA  

1-Step Ultra TMB-ELISA Thermo-Fisher Scientific 34029 
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Bovine serum albumin 

(BSA), Cohn fraction V 
Avantor 422371X 

Sulfuric Acid Sigma-Aldrich 07208-2.5L 

Tween-20 Sigma-Aldrich P1379-500ML 

Western Blotting   

Marvel Original Dried 

Skimmed Milk 
Marvel N/A 

Methanol TCD stores MET001 

Spectra™ Multicolor 

Broad Range Protein 

Ladder 

Thermo-Fisher Scientific 26623 

PVDF membrane Bio-Rad 1620177 

WesternBright ECL Spray Advansta K-12049-D50 

Chromatin Immuno-Precipitation (ChIP)  

Formaldehyde Sigma-Aldrich F8775-500ML 

Glycine Thermo-Fisher Scientific BP-381-1 

Protein A Sepharose® Cl-

4B 
Cytiva 17-0963-03 

Proteinase K Sigma-Aldrich P6556-5MG 

PureLink™ RNase A Invitrogen 12091021 

Wizard® SV Gel and PCR 

Clean-Up System 
Promega A9281 

Protein A Sepharose® Cl-

4B 
Cytiva 17-0963-03 

Proteinase K Sigma-Aldrich P6556-5MG 

PureLink™ RNase A Invitrogen 12091021 

UltraPure™ Salmon Sperm 

DNA Solution 
Invitrogen 15632011 

Wizard® SV Gel and PCR 

Clean-Up System 
Promega A9281 
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16S-sequencing  

Pathogen Lysis Tubes S QIAGEN 19091 

QIAmp UCP Pathogen 

Mini kit 
QIAGEN 50214 

Vaginal Microbiome 

Whole Cell Mix 
ATCC MSA-2007™ 

 

 

Table I.2: Cell culture treatments  

Reagent Company Catalogue number 

8-Bromoadenosine 3′,5′-

cyclic monophosphate 
Sigma-Aldrich B5386 

β-Estradiol Sigma-Aldrich E2758-250MG 

Acriflavine Sigma-Aldrich A8126-25G 

Bay 11-7082 Merck 196870-10MG 

Lipofectamine RNAiMax Invitrogen 13778030 

LPS from E.coli, serotype 

O55:B5 
Enzo ALX-581-013-L002 

Opti-MEM reduced serum 

medium 

Gibco 31985062 

Poly(I:C) Invivogen tlrl-pic 

Progesterone Tocris 2835 

Recombinant IL-17A Peprotech 200-17 

Sodium Acetate Sigma-Aldrich S5636-500G 

Sodium Butyrate Sigma-Aldrich B5887-250MG 

Sodium Lactate Sigma-Aldrich 1614308 
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Table I.3: Antibodies and kits used 

Reagent Company Catalogue number Application  

Alexa Fluor® 488 

anti-human IL-17A 

Antibody 

BioLegend 512307 Flow Cytometry 

Alexa Fluor® 647 

Mouse Anti-Human 

RORγt 

BD Biosciences 563620 Flow cytometry 

Human IL-8 (CXCL8) 

ELISA Kit 
Peprotech 900-K18 ELISA 

Anti-butyryl-lysine 

rabbit mAb 
PTM Bio PTM-301RM ChIP 

HIF-1α (D2U3T) 

Rabbit mAb 
CST 14179S 

Western 

Blotting 

Monoclonal Anti-β-

Actin antibody 
Sigma-Aldrich A5316 

Western 

Blotting 

Peroxidase 

AffiniPure Goat 

Anti-Mouse IgG 

(H+L) 

Jackson 

ImmunoResearch 
115-035-146 

Western 

Blotting 

Peroxidase 

AffiniPure Goat 

Anti-Rabbit IgG 

(H+L) 

Jackson 

ImmunoResearch 
111-035-144 

Western 

Blotting 

Phospho-NF-κB p65 

(Ser536)Rabbit 

mAb 

CST 3033S 
Western 

Blotting 

Zombie aqua fixable 

viability kit 
Bio Legend 423101 Flow Cytometry 
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Table I.4: Materials used with manufacturer details. 

Item Company Catalogue number 

0.2mL nuclease-free 

microcentrifuge tubes 
Sarstedt 72.737.002 

1.5mL nuclease-free 

microcentrifuge tubes 
Thermo-Fisher Scientific 11569914 

5,10 and 25mL plastic 

pipettes 
Thermo-Fisher Scientific Various 

10, 20, 200 and 1000μL 

nuclease free filtered tips 
Thermo-Fisher Scientific Various 

10cm petri dishes for tissue 

culture 
Greiner Bio-One 664160 

12-well flat bottom tissue 

culture plates 
Greiner Bio-One 665180 

24-well flat bottom tissue 

culture plates 
Greiner Bio-One 662160CF 

40μm cell strainer Sarstedt 83.3945.040 

70μm cell strainer Sarstedt 83.3945.070 

96-well ELISA plates Greiner Bio-One 655061 

96-well flat bottom tissue 

culture plates 
Sigma-Aldrich 167008 

Bioruptor tubes 1.5mL Diagenode C30010016 

Flow cytometer tubes VWR 352054 

MicroAmp™ Optical 384-

Well Reaction Plate 

Applied Biosystems 4309849 

Scalpels Fisher 11758353 

T75cm cell culture flask Thermo-Fisher Scientific 11884235 
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Table I.5: Equipment used with manufacturer details. 

Equipment Company 

Bioruptor Pico sonicator and water 

cooler 
Diagenode 

ChemiDoc MP Imaging system BIO-RAD 

VersaMax microplate reader Molecular Devices 

LSR Fortessa BD Biosciences 

Mini-PROTEAN® Tetra Cell gel 

electrophoresis cassette 
BIO-RAD 

Mini Trans-Blot® Cell blotting cassette BIO-RAD 

NanoDrop™ 2000 Spectrophotometer Thermo Scientific 

QuantStudio5 Applied Biosystems 

Techne 3Prime Termal cycler Cole Parmer 

 

Table I.6: Software used with manufacturer details or website. 

Software/ 

Website name 
Company/Website 

BioRender https://biorender.com/ 

Ensembl genome 

browser 
EMBL-EBI, https://www.ensembl.org/index.html 

Cibersortx https://cibersortx.stanford.edu/ 

FASTQC http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ 

FlowJo 10.8.1 BD Biosciences 

Galaxy Europe Freiburg Galaxy Team, https://usegalaxy.eu/ 

Gene Expression 

Omnibus (GEO) 
NCBI, https://www.ncbi.nlm.nih.gov/geo/ 

GraphPad Prism 

v8.0.1 
Graphpad Software Inc. 

Image Lab v6.1 BIO-RAD 
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Integrative Genomics 

Viewer 
Broad Institute, igv.org/app 

MEGA X v10.1.8 https://www.megasoftware.net/ 

National Center for 

Biotechnology 

Information (NCBI) 

NIH, https://www.ncbi.nlm.nih.gov/ 

PyMOD v3.0.2 http://schubert.bio.uniroma1.it/pymod/index.html 

PyMOL  Schrödinger, Inc. 

QuantStudio5, 

Design and Analysis 

Software v1.5.2 

Applied Biosystems 

RStudio v4.2.0  https://www.rstudio.com/ 

SoftMax Pro v7.0.3 Molecular Devices 

The Human Protein 

Atlas 
https://www.proteinatlas.org/ 

University of 

California Santa Cruz 

(UCSC) genome 

browser 

University of California Santa Cruz, https://genome-

euro.ucsc.edu/index.html 
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II. Ethical statement for the human sample collection 

Ethical statement approval for collecting biopsies to obtain hEEC and hESC 

cells 
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Ethical statement approval for collecting biopsies from the ART cohort 
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III. Written consent forms for human sample authorisation 

Written consent form for biopsies authorisation to obtain hEEC and hESC 

cells 

 

 

Consent Form 

Title of Research Project:  

Endometriosis and the microbiome 

I have read the information leaflet attached. 

I understand what taking part in this study entails. 

I am aware that I am under no obligation to take part in the study and that if I choose 

not to, this will not alter my care in any way. 

I agree to undergo sampling of endometrial blood during menstruation. 

I agree to provide urine samples. 

I agree to a blood test being taken and used for this research study. 

I agree to have the following samples taken during my surgery for research purposes: 

endometrial biopsy.  

I agree to the samples obtained being retained for the duration of the study period 

(maximum 10 years). 

I agree to give access to the following results from my records: Age, hormone levels, 

pregnancy history, gynaecology history, medical history and hormonal medications 

used. I understand that all data will be anonymised. I have had the opportunity to 

discuss this study with  

__________________________________. 
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I also understand that I may leave this study at any time and without any explanation 

and that this will not influence my care. 

I am happy to participate in this study.  

Participant’s name and signature: _______________________________  Date: 

____________ 

MFC staff member’s signature: _________________________________ Date: 

____________ 

 

 

 

 

 

 

 

 

 

 

Written consent form for collecting biopsies from the ART cohort 
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Consent Form 

Title of Research Project: Endometrium, implantation and pregnancy  

 

I have read the information leaflet attached. 

I understand what taking part in this study entails. 

I am aware that I am under no obligation to take part in the study and that if I choose 

not to, this will not alter my care in any way. 

I agree to undergo an endometrial scratch biopsy. 

I agree to my endometrial scratch biopsy being used for this research study. 

I agree to a blood test being taken and used for this research study. 

I agree to an ultrasound scan being performed. 

 

I agree that Merrion fertility Clinic staff may access my medical records at the clinic but 

that all data will be anonymised. I have had the opportunity to discuss this study with 

__________________________________. 

I am happy to participate in this study.  

Participant’s name and signature: _______________________________  Date: 

____________ 

MFC staff member’s signature: _________________________________ Date: 

____________ 


