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Abstract
The implantation of the embryo is a compléxeraction between the maternal
endometrium and the blaglyst. During the late secretory phase the endometrium will
undergo phenotypical and morphological changes to guarantee this interaction and the
continuation of pregnancy. The uterine cavity muswvte a sterile environment for the
implantation and embryo development. Hence, a tight regulation of the innate immune
system is necessasy as to increasts effector mechanisms during the secretory phase.
The tolHike (TLR) receptor family is a famylof innate immune receptors in charge of
recognising the presence of potential pathogens and alert the body to initiate the defence
mechanismsThe innate immune system and specifically TLRs might péayery
important rolan theimplantation and estaBlhment of pregnancy.
In this thesis, we hypothesised that the activation of the endometrial TLR 2 and 2/6 will
affect the capacity of the endometriumrézeiveanimplantingembryo. We employed
different approaches to study endometrial and implantatmody ranging fromn vivo
murine models toin vitro human endometrigtophoblast interaction models. The
results from our studies suggest thhe activation of endometrial TLR#& vivo
drastically reduces embryo implantation andvitro is able to de@ase trophoblast
adhesion to the endometrial cells possibly by modifying the eatt@hcell membrane
morphology. It seemshe endometrium is able react against potential infectious
agents and guarantee the protection of rtiegher butpotentially compomising the

chance of an embryo to implant
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1.1 Overview

The incidence of infertility has increased in the last 50 years. Social and economic
motors have limited the decisions of modern adults to have families. In rickriesun

the rate of fertility has fallen or is within the replacement rate, keeping a stable
population. Adults are deciding to have families much later in life, as reaching stability
will take longer than before. This means that at least for women, agedrela
complications might interfere with their fertility. In addition to this, clinical factors in
both women and men have also been found to increase. One of the main infertility
mechanisms proposed is embryo implantation failure due to endometrial deésien
embryo abnormalities. The interaction of the maternal reproductive tract and embryo is
a topic with a high interest for both reproductive medicine and developmental biology.
Nevertheless, research in human implantation presents great challengése for
development of correct models for its study as well as moral and ethical implications.
The establishment ofn vitro human andin vivo animal models for studying
implantation processes represents a fundamental aid in this respect. At a molecular
level, implantation of the embryo is a complex process where a crosstalk of hormones,
cytokines, chemokines and growth factors must be established between the mother and
the embryo(Norwitz et al. 2001) Adhesion molecules in the blastocyst will interact
with its |Iigands offered by a fireceptive
female reproductive tract (FRT) should maintain an immune surveillance to geaaante
safe environment for the mother and embryo. At the same time, this surveillance should

allow a semiallogeneic embryo to implant and develop without rejectiriigldr 2008)

The innate immune system is the first line of defence of the body against invasive
pathogens such as bacteria, virus, fungi or parasites. It performs a surveillance role
throughout the tissues to maintain the body homeodfdsidzhitov & Janeway 2002)
Almost all cells in the tissues of the body and the resident immune cells participate in
this surveillance using the pattern recognition receptors (PRR). PRRs can sense
pathogen associated molecular patterqBAMP) that are shared between
microorganismgBeutler 2004) One family of PRR, théoll-like receptors (TLR) can
sense a diverse range of PAMPs from bacteria like lipopolysaccharide (LPS) through
TLR 4, peptidoglican by TLR-B or 21, and flagellin by TLR fFitzgerald et al. 2001;
Takeuchi et al. 1999)Viruses can be sensed by double stranded RNA and poly
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inosinicpoly cytidylic acid (poly I:.C) by TLR 3, single stranded RNA by TLR 7 and
DNA with repeatectytidine-phosphateguanosine (CpG) by TLR @arton 2007) The
female reproductive tract (FRT) expresses these receptors differentially through the
epithelia of its different parts. In this way TLR 1, 2, 3, 5 and 6 are present in the
epithelia of mosregions of the tract and TLR 4 is only found in the upper part of the
tract the endocervix, endometrium and fallopian tufpezeli et al. 2005)It has been
found that the expression of TLR in the FRT risgulated by hormonal cycles,
increasing it during the secretory phase of the menstrual @Gtéeoonian et al. 2007)

It is possiblethat alterations in the immune homeostasis of the FRT can interfere with
the receptivity of the endometrium and the implantation of the en(@dwnchez Lopez

et al. 2014)

In the following chapters, | will present a short explanation and background to human
embryonic implantation, followed by a description of mediation of innate immune
system in the female reproductive tract. Then | will show our results for the effeet of th
stimulation of the innate immune TLR system at the time of implantation usiimg an
vivo murine model. To extrapolate these observations to the human, we emplaged an
vitro model of adhesion of trophoblast spheroids to endometrial cells using hurhan cel
lines. Furthermore, using different approaches, | will try to decipher the mechanisms
that TLR activation would have induced on the endometrial cells responsible for the
interference with embryo implantation. These results include: a) Exploration of the
nanometric changes on the membrane surface of the endometrial cells using atomic
force microscopy. b) Profiling of the membrane proteins of the endometrial cells by
flow cytometry. c) Assessment of the expression of genes related to mucosal immune
responseg by quantitative polymerase chain reaction (QPCR). d) Finally the signalling
pathways of the endometrial TLRs and its influence on embryo implantation were
assessed using reporter plasmids and signalling inhibitors. These findings will try to
create a glbal picture on the role that activation of the innate immune system could
have on the embryo implantation process. This research will hopefully open new
perspectives on the study and diagnosis of infertility and biology of the endometrium
and FRT.
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1.2 The fenale reproductive tract

1.2.1 Anatomy and physiology of the tract

The female reproductive system is a compartmentalised tract, which performs a
diversity of functions. The tract possesses the female gonads or ovaries that form part of
the hormonal control axis dfie body. The ovaries are the gamete reservoir that controls
their maturation and release for its fertilisation in the fallopian tubes. The vagina
receives the male reproductive organ during mating. The tract allocates the male
gametes, the spermatozoatire vagina and favours their transport through the cervix
and uterus to the egg fertilisation site in the fallopian tubes. Finally, in the event of a
fertilisation, the uterus will support the formation and development of the embryo and
the future delivey of the child. For its study, we have divided the female reproductive

tract in upper and lower reproductive tract (Hid.).

1.2.1.1 Lower reproductive tract

The lower tract (LRT) comprises the vagina and the ectocervix. The main particularity
of this part ighe presence of commensal microbiota that maintains the acidic conditions

of the vagina.

The Vagina is a fibro muscular tube usually of 8 to 10 cm in depth and 4 cm in
diameter. It is conformed by a muscular wall lined by a rugose epithelial surface of
stratified squamous nekeratinised cell§Pernol 2001) It is the section of the tract that

will receive the penis during mating to collect the spermatozoa. It serves as the exit
channel of the child during delivery. The pH of the vagina is around 4.5 and it is
sustained by the lactic acid producddy the commensal microbiota which
predominantly is formed by the Gramm positive gebastobacillus(Lidbeck & Nord

1993) The acidic conditions and production of®4 by the commensal microbiota will

protect the tract from the colonisation by pathogenic baqtéfitkin et al. 2007)

The Ectocervixis the external intravaginal portion of the cervix. It measures about 3 cm
long and 2.5 cm wide with a convex and elliptical surfadeatied squamous cells
form its epithelium. The external openi n

will slightly open during the menstrual period to discard the endometrium. It is the gate
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that controls the access of sperm and potentiattrdus microorganisms to the uterine
cavity in the upper tradiConfino et al. 1987)The cervix possesses a great flexibility

and will open almost 10 cm during delivery of the child.

1.2.1.2 Upper reproductive tract

The upper reproductive tract (URT) is formed by the endocervix, the uterus, the
fallopian tubes anthe ovaries. It is considered a microorganfsee tissue as it is the

site where gametes maturate, fertilisation takes place and the development of the
embryo happens. For this reason any microorganism found in this portion is considered
to be pathogeni@udlin & Thiebaugeorges 2009)

The Endocervixis the inner canal of the cervix, which connects the lower and upper
portions of the t r act . It i's also called the fine
original meaning. A lining of columnar ciliated secretory cells, a thin layer of smooth
muscle cells and fibroblasts form the endocervix. The mucus produced by the epithelial
and cyptic cells will vary due to hormonal stimulation. It thickens during the follicular
phase to block the access to the URT and thins at the luteal phase to allow the sperm
swim through it(Strauss et al. 2004Puring pregnancy the muscular layer remains
contracted to keep the fetus in place and relaxes during delivery. This is also due to the
extracellular matrix (ECM) composition, where collagen fibred @lastin predominate

giving the cervix a great flexibilit\Westergrernrhorsson et al. 1998)

The Uterus is a muscular hollow pear shaped organ situated in the pelvic cavity. It
measures about 7.5 cm in depth and 5 cm wide. It is divided in fundus, which is the
dome shaped part in between the uterine tubesh@ncbrpus or main body, linked in its
lower portion to the cervix. Three layers of tissue form the endometrial walls: The
perimetriumforms an envelope over the whole uterus and connects with the peritoneum
forming the vesicouterine and rectouterine pmsc It also forms the broad ligament
that connects the uterus to the lateral pelvic wall. figemetriums the muscular layer

that contracts during menstruation to expel the shedding endometrium and help the
delivery of the offspring. Thendometriums the uterine inner layer responsible for
implantation and menstruation. It is formed by two different lay@faugh & Grant
2006; Strauss et al. 2004)
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1 Stratum Basalis. It is formed by the uterine mesenchymal stem cells and stromal
fibroblasts. These cells will proliferate after the endoraktbreakdown in
menstruation and regenerate the functional layer. This layer never sheds from the

endometrium.

1 Functional layer. It forms the most upper layer and the uterus lining. It is covered by
columnar and partially ciliated epithelial cells that form the lining and glands and
contains the stromal fibroblasts. It is rich in blood vessels, derived from tta spi
arteries, which develop during the first half of the menstrual cycle. The glands are

embedded in the stromal tissue and their secretions are under hormonal control.

The Fallopian tubesare trumpet like structures situated in both sides of the uterus
fundus and extend in about 10 cm long. The peritoneum forms an outer cover, followed
by a smooth muscular layer and an inner ciliated epithelar lthat will propel the
oocyte/embryadnto the uerus. At their endshe fimbriaeare locatedwhich are figer

like motile structures surrounding the tube opening or infundibulum that will receive the
oocyte delivered from the ovaries. Thext dilated part ishe ampullasite where the
fertilisation of theoocytetakes plac€Waugh & Gant 2006)

The Ovaries are the female gonads. They are the reservoir of the female gametes
(oocytes) and are responsible for the production of steroid hormones (estradiol and
progesterone). They are situated at both sides of the uterus body attadhiey ttoe
ovarian ligament. These structures are2%cm long, 2 cm wide and 1 cm thickness

and are formed by three major portigiigaugh & Grant 2006)

1 The hilum. Support tissue containing the nerves, blood vessels andl stero
producing hilus cells.

1 The medulla. Inner portion highly innerved and irrigated by blood vessels.

1 The cortex. The outer layer, mesothelium or tunica albuginea is formed by
cuboidal cells. The germinal layer contains the immature primordial folliclés wit

the ovum surrounded by stromal tissue. Each 28 days ovulation occur when a
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Graffian follicle (the ovarian mature follicle) ruptures and expels one oocyte into

the peritoneum that is received by the fallopian tubes fimbriae.
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Figure 1.1. Anatomy of the Female reproductive tract.The human female reproductive tract comprises the lower reproductive tract (LRT) formed by the vagina and ectocervigr The upp
tract (URT) is formed by the endervix, uterus, fallopian tubes and ovaries.
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1.2.2 Menstrual regulation of the female reproductive tract

1.2.2.1 Hormonal control of the tract

The main neuroendocrine axis controlling the functions of the FRT is the hypothalamic
pituitary-gonadal (HPG) axis. It includes the production and release of the
gondadotropirreleasing hormone (GnRH) by the hypothalamus, the gonadotropic
hormones folliclestimulating hormone (FSH) and luteinising hormone (LH) from the
anterior pituitary and the steroidal havmes estradiol and progesterone by the ovaries
(Strauss et al. 200@)igure 1.2). The pulsatile secretion of GnRH initiates the general
function of the HPG axis that governs the menstrual cycle. This stimulation promotes
the production and secretion of the FSH and LH by the anterior pituitary. In response,
the ovary increases the production of estradiol to favour the recruitment and maturation
of follicles. As the cycle progresses, the estradiol level in blood increases and together
with GnRH favour the LH surge. The peak of LH on day 14 of the menstrual cycle
induces ovulation and an increase in progesterone production. High levels of estrogen
and progest®ne inhibit the production of GnRH at the hypothalamus and the pituitary
response to estradiol, inhibiting overall the production of the gonadotropic hormones
(Speroff & Fritz 2004)

The steroidal hormones dictate the behaviour of the different compartments that
comprise the FRT. They are recognised by nuclear receptors that promote the
expression of genes, @wtivators and coepressors specific for each cell type and
tissue. The exssion of these cell receptors follows a spatial and temporal pattern
along the menstrual cycle that guarantees the control of processes like cell proliferation,
tissue breakdown and factors necessary for gamete transport, embryo implantation and

developnent(Lessey et al. 1988)

1.2.2.2 Ovarian function

As mentioned before, the ovaries are the storage sites of the oocytes. At birth, the
ovaries contain around-2 million germ cells that can potentially differentiate into
oocytes by undergoing meiosis. A cluster of germ cells gives rise to the primordial

follicle. In it, the pregranulosa cells surround the oocyte. During childhood the ovaries
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remain active, inducing the development of follicles. The granulosa cells proliferate and
the oocyte increases size forming the primary orgmteal follicle. The ack of
gonadotropin stimuli for these follicles will prevent them from reaching the full
maturation and undergoing atresia. At the onset of puberty, there will only remain
around 300,000 to 500,000 germ cells from which only arouneb®00will mature and

be ovulated throughout the sexually mature(feReddy et al. 2010)

In the preovulatory follicle, the granulosa cells form two subsets, the mural cells that
continue the steroid production and the cumulus cells that nourish the oocyte. The
steroidogenic capacity of the ovarieartt at the onset of puberty. During the follicular
phase of the ovarian cycle, estrogen is produced by cooperation between the granulosa
and thecal cells upon FSH stimulation. On day 14 of the ovarian cycle, the LH surge
initiates the luteal phase. Upohet LH surge, the granulosa cells of the now antral
follicle continue their proliferation and differentiation to granulosa lutein cells
characterised by a yellow appearance due to the pigment lutein and the surrounding
stromal cells differentiate into thedatein cells. This is when the ovulation occurs by

the enzymatic degradation of the follicle basal lamina. The empty follicle or corpus
luteum reorganises and create new blood vessels for the transport of cholesterol,
substrate for the synthesis of thersidal hormones. This change is followed by the
expression of enzymes to initiate the production of progesterone in the luteal and theca
cells. If the fertilisation of the oocyte fails, luteolysis occurs where the corpus is
degraded by ischemia and cedflutleatJohnson 2007Strauss et al. 200digure 1.2).
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Figure 1.2. The menstrual cycle: Hormonal, Ovarian and Endometrial changesThe human menstrual cycle is orchestrated by the pituitary hornobeisising Hormone (LH) and the
Follicle stimulating hormone (FSH). During the follicular phase of the ovary, the estrogen will induce the maturatigmiofotttéal follicle. Upon the peak of LH and FSH the mature follicle
will release the mature ooeyt The corpus luteum then will continue the follicular ovarian phase by increasing the production of progesterone amdTéstroganstrual endometrium
sensitive to the estrogen will regenerate during the proliferative phase. During the secretorgrpgasterone will induce changes in the endometrium that will allow the implantation of an
embryo. After fertilisation the early development of the embryo takes place as it travels through the fallopian tuberrivenbstween days-8 postfertilisation to guarantee an implantation

on a receptive endometrium.
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1.2.2.3 Fallopian tube function

The transport of gametes and embryo along the tubes is dependant on hormonal
stimulation. During the follicular phase, the stimulation of the epéheklls with
estrogen induces the increase in cell height, cilia development and beating. Upon
ovulation, together the fimbriae and the epithelial cilia beat creating a current that
collects the released oocyte. A constant stimulation of the epithetitd by
progesterone induces atrophy and cilia loss. Once inside the tube, the egg will be
transported to the ampulla where it resides in between the highly folded epithelium that
guarantees nutrition while it waits for the potential arrival of the sp&hma.sperm is
temporarily allocated in the tubal isthmus where it presumably binds to the epithelial
cells using lectins recognised by glycoconjugates of the epithelium. This interaction
increases the secretion of tubal fluid, which contents favour spatlityi and induce

their capacitation. The hyperactivated spermatozoa continue their journey towards the
ampulla to fertilise the oocyte. The combined effect of progesterone and estrogen
induce the movements of the myosalpinx or muscular layer of the Thigeisthmus
epithelium has less tissue folds and less ciliated cells, hence the movement of the
developing embryo or oocyte depends on the myosalpinx contraction and relaxation. By
the time the embryo reaches the utkrdoal junction, five to six days &t fertilisation,

the differentiated trophoblasts produce human Chorionic gonadotropin (hCG). This
hormone induces the opening of the sphincter that allows the access to the uterine cavity

for further implantation and developmégtrauss et al. 2004)

1.2.2.4 Uterine function

The endometrium behaviour is dictated by the ovarian steroidal hormones progesterone
and estrogen. Based on the responses observed usstles the uterine menstrual cycle

is divided in proliferative, secretory and menstrual phase (Figure 1.2).

a. Early proliferative phase

It is characterised by a high proliferation of the stromal and epithelial (luminal and
glandular) cells after the endetnial loss from the menstrual phase. The endometrium
at this stage grows from 0.5 to 2 mm in thickness due to cell prolife(@tosuss et al.

2004) The proliferation of the stroma is characterised by a period of oedema and
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observation of mitoses. Immersed in the stroma, the glands look narrow and tubular and
the blood vessels start to extend towards the lumen. This phase corresponds to the
follicular phase of the ovarian cycle, where estradiol is produced to stimulate the
follicular growth. The estrogen receptors (ER) show their highest expression in the
functionalis and basalis layefkessey et al. 1988) Act i vati on of ER
promotes the proliferative activity of the stromal cells as the knock out (KO) mouse for
this receptor lacks endometrial developmé@boke et al. 1997) The ERB on t
hand seems to control this process and its deficiency promotes hyperplasia of the

endometrium imesponse to estradifKrege et al. 1998)

b. Late proliferative phase

During the second part of the proliferative phase, the endometrial growth reaches a
maximum thickness of 3155 mm. The expression of ER in the functionalis layer peaks
around days-80 which corresponds to the peak of estradiol production. The glandular
luminal cells increase in height and pseudostratify. The size of the stroma increases due
to the synthesis ofaew ECM. The highest level of DNA and RNA synthesis is observed
during this period in the functionalis layer, preparing for the secretory j8peeoff &

Fritz 2004) The presence of la and microvilli is observed on the membrane of the
glandular and luminal epithelial cells. The beating of the cilia aids the distribution of the

secretions along the uterine ca\iB. R. Masterton et al. 197.5)

c. Early secretory phase

The production of progesterone after ovulation marks the start of this phase, which
corresponds to the luteal ovarian phase. Cell proliferation ceases after 3 days of the
progesterone suegand heterocromatin is observed in the nucleus of glandular and
stromal cells. The glandular epithelial cells accumulate glycoigbnvacuoles and a
modest secretion towards the lumen is observed on da¥y8.1l’he epithelial luminal

cells enlarge theirendoplasmic reticulum and mitochondria. The stromal cells
synthesise a reticular network of type collagen fibres types | and lll. The effect of
progesterone antagonises the proliferative activity of estradiol on the cells. Progesterone
inhibits transcripton of oncogenes and activates the degradation of estradiol, which

produces a metabolite with lower estrogenic activity.
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d. Mid-secretory phase

The highest secretory level is observed during this phase, 7 days after ovulation.
Histologically, it is possible to identify three different zones at this stage, the compact
zone, the spongy zone and basal zone. Proliferation of the blood vessels asdglan
confined to the compact zone increasing the coiling of the vessels and tortuosity of the
glands. The intense secretory activity delivers glycoproteins into the endometrial cavity
and the glands appear exhausted. Glandular and luminal epitheliabcgllse the
nucleolar channel system that facilitates the export of mMRNA from the ny8u&asss

et al. 2004) Microvilli is found on the luminal cedl which is meant to help the
endometriali trophoblast interactiongSarani et al. 1999)The spongy zone is full of
enlarged stromal cells; the ones around blood vessels acquiosiaaphilic cytoplasm

and produce membra#i®mund tissue factor and plasminogen activator inhibitor type 1
to prevent possible haemorrhage due to trophoblast migration. Stromal cells form new
pericellular ECM composed by laminin, fibronectin, heparan satprand type IV
collagen. Finally, a very characteristic infiltrate of uterine natural killer (NK) cells is
observed close to the arteries. They will favour embryo implantation and endometrial
menstrual breakdowfwilkens et al. 2013)

e. Menstrual phase

In the absence of a fertilisation, the progesterone and estrogen proguosshbbody

of the ovary will drop, initiating the events that govern endometrial break{daybin

& Critchley 2011) The lack of progesterone induces production of factors like the
endometrial bleedingssociated factor (EBAF) that antagonises the transforming
growth factor (TGFb t hat mai ntains endometri al
endometrium is regulated by a pgrdlammatory activity characterised by the
production of prenflammatory cytokies that induces cell apoptosis and a high
infiltration of neutrophils(J. Evans & Salamonsen 2012)he neutrophils are in part
responsible for the production of matrix metalloproteinases (MMPs), which in turn
degrades the ECM supporting the decidua. Vasoconstriction of the uterine artertbles
spiral arteries ceases the blood flow to the functional zone. This generates a hypoxic

effect favouring the apoptosis of stromal and epithelial ¢8tiuss et al. 2004)The
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arteries eventually open up releasing blood breaking the damaged vessels, stroma and
epithelium. This mix will flow through the uterine cavity without formation of clots.

The basal layer remains intact, as it replenishes the tissue during the next
proliferative cycleg(Speroff & Fritz 2004,

f. Endometrial receptivity

The implantation of the embryo occurs during the day$ 2@ of the midsecretory
phase. hi s | apse of 4 days is called the Awi
days, the endometrium is unfit to host the implantation of the embryo. By this time the
endometrium measures 1014 mm in thickness and the secretory activity peaks to
bring the nutrients and the paracrine stimulation elements that the embryo needs to
devel op. I't has also acquired a Arecepti:
functional biomarkers as proteins, genes and morphological changes of the endometrial
epithelial (EECs) and stromal cells (ESC#$)sychoyos 1986)Histologically, it is
possible to identify apparent changes as the previously mentioned thickening and high
vascularisation of the functional layer, edema of the stroma, convolution of the glands,
pseudostratification of the luminal epithelium among otl{8tsauss et al. 2004The
research field in endometrial receptivity has been enriched along the years and the depth
and complexity changed from a histological amuntonal perspective to a molecular

and biochemical focus (Figure 1.3). Some of the markers of endometrial receptivity

include the following:

1 Epithelial cell membrane microstructureThe microstructure of the epithelial
luminal cells changes in the mgcetory phase. Cells enlarge, polarise and
loose the glycocalix to form smooth and large membrane projections called
pinopodes due to their pinocytotic activifilikas et al. 1999)It has been
observed that the implantation site of the blastocysts is always surrounded by
these structure@entinlLey € al. 1999)

1 Adhesion moleculesThe endometrium during the receptive phase expresses a
diversity of adhesion molecules. Membrane bound glycans, integrins, selectins,
cadherins among other molecules mediate their adhesion with the trophoblast
cells of the blastocyst(Campbell et al. 2000; H. Singh & Aplin 2009)
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Glycoprotein ligands of iSelectin like the von Willebrand factor are required

for the initial attachment of the blastocyst, as the endometrium of infertile
women express a low amount b (Margarit et al. 2009)Another family of
adhesion molecules with great value for implantation are the integrins. They are
transmembrane proteins that form hete
binds to ECM proteinfK. V. R. Reddy & Mangale 2003Yhe expression of the
integrins Ulb1l and Uvb3 has been obse
the late secrety phase hence they have been proposed as basic adhesion
molecules for embryonic implantatiofH. Singh & Aplin 2009) Both
endometrial cells and blastocyst produce laminin and fibronectin, which are
ECM proteins where integrins attach providing a firm substrate for the
blastocyst attachme(Burrows et al. 1996)

Prostaglandins. The events surrounding endometrial receptivity and
implantation resemble an inflammatory reaction. Prostaglanglis Broduced

by the secretory endometrium and decreases during decidualisation. Its
production is found particularly increased at the implantagde and may
induce vascular permeability for the establishment of the new blood véssels

der Weiden et al. 1991)

Growth factors. A great variety has been implicated with endometrial
receptivity. Factors like epithelial growth factor (EGF), FGF and b-, pl a
derived growth factor (PDGF), vascular endothelial growth factor (VEGF)
among others are found to increase during thesedat¢ory phase and play a

role in the acquisition of receptivity. T&d- f or exampl e has b,
inhibit endometrial cell proliferation in the secretory phase. It stimulates the
production of collagen to favour decidualisation of the stroma and sttt
production of MMPs that are able to degrade the endomefiiaromer et al.

1995)

Cytokines.As previously mentioned, mediators of implantation are shared with
inflammation. Cytokines like interleukin (It} b , -6, tufnour necrosis factor

(TNF)-U, macr ophage migrati on i nidhibitoryt or vy
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factor (LIF) participate actively in the implantation process. LIF for example is
highly expressed in human endometrium at the time of implantétiédée

Bataille et al. 2002)Mutations in LIF gene havieeen cerelated with human
infertility and the LIF KO murine blastocysts are unable to imp{Enélickova

et al. 2005) MIF has been found expressed cyclically in the murine
endometrium with an increase during Rsecretory phase. The Ii.p.
administration of MIF increased the expression of integrins, VEGF and the von
Willebrand facor (Bondza et al. 2008)The balance of H1 and its antagonist

IL-1 receptor antagonist (RA) has beemgested to play an important role
during embryo implantation. L b pr oduced by both embr
is found to decrease apoptotic factors and increase the expression of multiple
factors necessary for i mp,LIFn€CSkandon a
placental metalloproteinas€Seisert et al. 2012)The i.p. administration of H

1RA at implantation time, prevents the implantation of emb(gmon et al.

1998)depicting the relevanceofdLb t o i nduce receptivit

Anti-adhesive factorsSome membrane bound proteins like mucins have been
associated with ra antradhesive function. Mucins are highly glycosylated
proteins that are present in all the epithelial mucosa of the body as membrane
bound or gel forming protein®1. C. Rose &Voynow 2006) The expression of
mucin 1 has been observed to increase during secretory and menstrual
endometriun(Gipson et al. 1997)n humans, the expression of MUC1 seems to
increase during permplantation period(Achache & Revel 2006mnd the
presence of the embryo dowmgulates its expression in the implantation zone
(Meseguer et al. 2001; H. Singh et al. 2010)
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Figure 1.3. The complex interaction during blastocyst implantation. The crosstalk between the maternal
endometrium and the implanting blastocyst is regulated by a series of pasaxtiaetocrine mediators. Chemokines
released by the endometrium will guide the blastocyst to the implantation site. The apposition will be mediated by an
initial binding of the trophoblast-selectins to endometrial glycoproteins. The production of hCGstishulate the
secretion of embryonic mediators like leukaemmiaibitory factor (LIF) interleukin (ILy1 b a mo n tpinduceh e r s
the expression of integrins that will guarantee a firm adhesion to the endometrium.
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1.2.3 Fertilisation, early embryo development and implantation

1.2.3.1 Fertilisation

After coitus, around 300 million spermatozoa are delivered in the vagina and need to
travel through the cervix and the uterus to reach the oviduct. Only 1% of them are able
to enter the cervix and state long journey. It has been found that sperm can be
detected in the ampulla as soon as 2 h-pogtis and only a few hundreds of sperm
reach their destinatiofAhlgren 1975) After their temporary storage on the oviduct
isthmus, the sperm is capacitated by removal of some of the seminal and epididimal
proteins that spermatozoa are coated WRbdriguezMartinez 2007) The capacitation
process increases the motility and induces membrane morphological changes in the
spermatozoa but at the same time decreases their longegivity. Upon the encounter with
the oocyte zona pellucida, the sperm head undergoes the acrosomnen.regus
consists on the delivery of the acrosomal vesicle contents, like proteolytic enzimes to
digest the zona and access the oocyte memligdaheson 2007)The oocyte membrane
protein @Jun o oidemtied asrthe ceeeptdr foythe lspemnnlt transiently
binds Izumol on the sperm membrane. Juno is removed from the membrane as soon as
40 min after sperm binding to oocyte membrane to discard the possibility of another
sperm fertilising the eg(E. Bianchi et al. 2014)0ocyte and sperm membrane fuses by
interaction of integrins and the tetraspanin cluster of differentiation (CD)9 on tiigeeooc
and the protein fdAa disintegmitmi andg meAE
(Johnson 2007)As the sperm enters, the haploid nucleuses fuse and form the diploid
zygote. The oocyte then completes the meiotacgss it was arrested in, expels the
second polar body and continues a normal mitotic development. Besides half of the
genetic information, the conceptus will inherit mitochondria, ribosomes, Golgi,
cytoskeleton and the protein biosynthetic machinery fiteermother egg. The centriole

and the gene imprinting mechanisms that will dictate the way in which the genes will be

expressed are inherited from the father through the sperm.

1.2.3.2 Early embryo development

The initiation of the mitotic divisions leads to thieavage of the fertilised egg to the

two-cell stage. By this time the developing embryo has a low metabolic activity based
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on the maternal inherited organelles, proteins and mRNA. The developing embryo
initiates its journey through the fallopian tubegpelled by the ciliated epithelia and the
uterine muscle contractions. After 2 days, the embryo reaches the dellstage,
degrading all maternal mMRNA and synthesises its own RNA and protein production
machinery(Edwards 1980)When the embryo reaches the 16 -stdige it is called
morulla and is characterised by the compaction of the blasésna@ed its polarisation to

form an apical and a basal layer of cells. After 4.5 days of development, the embryo
reaches the blastocyst stage, in which two distinct layers of cells are found: The outer
rim of trophoblasts that forms the extraembryonicussa blastocoelic cavity and the
inner cell mass (ICM) or pluriblast that will give rise to the fetus (Figuda). By this

stage, the embryo is still covered by the zona pellucida, which hold the blastomeres
together and protects it from the adhesiothwather embryos and from a tubal or
ectopic implantation. By daysi58 postfertilisation, the blastocyst reaches the uterine
cavity and hatches from the zona pellucida to find a suitable spot for implantation. The
uterine secretions support the early@lepment of the embryo by diffusion of oxygen

and carbon dioxide and active transport of nutrients. This is called the histiotrophic
nutrition and it accompanies the grpert and early posimplantation phaseglomson

2007)

1.2.3.3 Implantation

a. Implantation stages

Human embryonic implantation is a complex process that has been divided in stages
based on the level of materrehbryonic interaction. In order to achieve a successful
implantation, the development of bdilastocyst and endometrium should synchronise.
The first contact with the endometrium as the blastocyst hatches from its zona is called
the apposition (Fig. 1.4b). The production of chemokines by the endometrium is
supposed to attract the embryo to a suitable implantation site. The recognition of these
chemokines induces the expression of a diversity of intercellular adhesion molecules
(ICAMSs) that will fix the Hastocyst to the epithelia. This is a weak interaction between
the ICAMs in the blastocyst and glycoproteins in the endometrium to fix the blastocyst
to the implantation sitéH. Singh & Aplin 2009) This stage is followed by a firm
adhesion mediated by the interaction between integrins of both blastocyst and
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endometium and the ECM ligands (Fig. £} During the stage afvasion(Fig. 1.41),

the trophoblasts penetrate the uterine epithelia and invade the decidua and even reach
the basal endometrium to establish contact with the spiral arteries. The trophoblas
migration is mediated by the release of matrix degrading enzymes as MMPs and
adhesion molecules as integrifBaria et al. 2000)The cytotrophoblasts are the
invasive trophoblasts, which migrate through the uterine epithelia and stroma to
establish a contact with the maternal vasculature and createvascular conducts
towards the new implanted é@nyo for its nourishment (Fig. 1e4. Some of these
trophoblasts fuse together to generate a syncythiotrophoblast, which produces hCG.
This hormone extends the activity of the corpus luteum, which contihegsoduction

of progesterone and stop the menstrual endometrial decay. This reaction is the primary
decidualisation reaction where stromal cells enlarge, increase mitotic activity and
produce an ECM necessary for the trophoblast migréfionnson 2007)The paracrine

factors as insulilike growth factors (IGFs) and IGF binding proteins (IGFBPs), TGF

b, relaxin, renin, prolactin among ot her
keep the homeostasis of trendometrial decidua during implantation and early

pregnancy and favour its vascularisat{@peroff & Fritz 2004)
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Figure 1.4. Implantation of the embryo. The blastocyst (a) is formed by a zona pelucida which forms an envelop
around the trophoblast cells, a pluriblast inner cell mass and a blastocoelic cavity. During its migration through the
oviduct, the zona pelucidaterferes with the adhesion tiee epithelia (b). When the blastocyst reaches the uterus, it
hatches from the zona pelucida and the now exposed trophoblasts attach to the luminal epithelial cells of the
endometrium (c). Once attachte trophoblasts start the invasion. They break through the surface of the epithelium

to reach the underlying stroma and the maternal blood vessels (d). Once the blastocyst has invaded the stroma, the
trophoblast will fuse and differentiate into syncythiphoblasts to form with the stroma cells the placenta, new

blood vessels will nourish this process and the differentiating pluriblast start the development of the conceptus (e).
Modified fromJohnson MH, 2010.
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1.3 Innate immune system inmie female reproductive tract

The human body is a marvellous organism where systems and organs work together in
homeostasis to perform all the physiologic functions that keep us alive. Different
circumstances encountered through life like infections oriploggcal deficiencies can
interfere with this balance and bring the system into a pathological state. The body
possess highly specialised system of surveillance of all the organs in the body, the
immune system. A diversity of effector mechanisms has beelutionally designed to
detect the body failure or pathogenic challenge and counteract to bring back

homeostasis to the body.

The immune system is divided in innate and adaptive systems. The innate system is the
first line of defence of the body. It initiates a quick reaction against pathogenic invasion
or tissue damage by recognising repecific patterns in the microorganisms aell
debris(Medzhitov & Janeway 2002 he adaptive system relies on the recognition of
specific antigens present in the pathogens and counteracts with cellular and humoral
responses as effector mecisams(Murphy 2011)

1.3.1 The innate immune system

The innate immune system is the first line of surveillance and defence system of the
body against invading microorganisms and tissue damage. To achieve this, the body
elicits a series of effector mechanisms that lead to inflammation. Inflammmiatia
physiological response triggered by noxious stimuli and conditions, such as infections
and tissue injury to regain the homeostasis of the btbdzhitov 2008) The innate
immune system isrpsent in all the tissues of the body as epithelial barriers, tissue
resident immune cells and specialised immune cells that migrate from the blood to the
tissues. The innate system has the capacity of recognising bacterial, viral or parasite
pathogen asstated molecular patterns (PAMPS). These are structurally conserved
molecules shared between similar families of pathogens, required for their survival and
structurally different from any molecule present in our bo@ésdzhitov & Janeway

2002) Molecules such as lipopolysaccharide (LPS) of Gregative bacteria,
lipopeptides in Granpositive bacteria, single and double stranded RNA and DNA of
virus and bacteria form part of these PAMREdzhitov & Janeway 2002 hese are
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recognised by the cells through a group of membrane and soluble pattern recognition
receptors (PRRs), which initiate a signal transduction cascade that activates a variety of
defencemechanisms of the cell. Some of these mechanisms can be the synthesis of free
radicals derived from oxygen and nitrogen, the increase of phagocytic activity of
macrophages and the secretion of chemokines and cytokines by tissue and immune cells
(Medzhitov & Janeway 1997A good innate response is crucial for the establishment

of an effective adaptive immune response that leads to a complete removal of the
invading pathogen. This is nesasy to recover tissue homeostasis and generate the
memory of the immune system through antibody producing B lymphocytes and specific
T lymphocytes. If the pathogen-igfects the host, the adaptive response can be quicker
and more effectivdJaneway 1989)In some situations where sterilestie damage
occurs, these PRRs are capable of sensing own molecules known as molecular patterns
associated with damage (DAMPs). Example of DAMPs are fragmented ECM proteins
and cellular proteins that in homeostatic conditions are not free in the extacellul
space and are secreted as an alarm signal and cell(MedhBianchi 2007; Matzinger

2007)

1.3.1.1 The Toll-like receptor family

One of the most studied families of PRRs is the TLR family. It has a very important role
in the innate remgnition of PAMPs and DAMPs and the activation of the effector
mechanisms in the cglKawai & Akira 2007b) A homologue of these receptors was
first discovered in Drosophila whera fungal infectiontriggers an antmicrobial
responseThe proteolytic cleavage of Spéatzle activates Toll receptor which initiates a
signalling cascade through the protein kinase Re#eaitre etal. 1996) A homologue

of Toll, the 18 wheeler receptor was describegacticipate also as a receptor in the
antibacterial responsgWilliams et al. 1997) Both receptorslegrade the inhibitor
cactus taactivate theranscription factor dorsatesponsible for the transcription of the
antimicrobial peptidesgenes in DrosophilaDorsal is part of the Rel family of
transcription factors and homologue of the humaalear factor (NFp Blt is known

that in vertebrates it also has an important role in the transcription of genes involved
with synthesis of defenceslated proteins such as antimicrobial peptides, chemokines
and cytokines(Kopp & Ghosh 1995) Later, a homologue of toll was found in

vertebrates with the same properties of pathogen recognition and immune activation,

5C



therefore it -wiake ca®édengdav éthl@99@)The TLRs are a
family of 11 identified receptors in human and 13 in the mouse with a unique ability of
PAMPs or DAMPSs recognition. They are type | membrane integ@kims with an
extracellular domain containing leuciieh repeat (LRR) motifs and an intracellular
domain homologue to the 4L receptor termed Toll/H1R (TIR) domain. Some TLRs

are mainly expressed on the cell surface (1, 2, 4, 5 and 6) to senselexaraAMPS.

Others (3, 7 and 9) are found mainly in endosomes to sense intracellular pathogens and

viral nucleic acidgAkira et al. 2006)

The interaction of TLR and its ligand starts a signalling pathway mediated by sequential
phosphorylation of different proteins. The classic signalling pathway is initially
mediated by the myeloid differentian primary gene 88 (MyD88), which is an adaptor
protein containing TIR domain. MyD88 is anchored to the TIR domain of the TLR it or
to the TIR domain containing adapttike MyD88 (TIRAP or Mal) which promotes the
signalling pathwayL. O'Neill 2006; Bernard & L. A. O'Neill 2013)This pathway ends

up in the activation of Nl B, whi c h jfranscniptioh ef prantlammatory
genes like the cytokines TNB, -11bL -6 dnd. chemokines like 1B. TLR 1, 2, 4, 5

and 6, mainly undertakes this classical activation path{Mayvai & Akira 2007b)

TLR activation is able to signal through the mitogeativated protein kinase (MAPK)
pathway. MAPK can also promote \FB act i vati on or signal
factor activator protein (AP) (Jeong & Joo Young Lee 2011I)he activation of TLRs

by intracellular PAMPs not only activates MFB b u t i's also abl e
interferon (IFN) type | dependent immune responses following the aotivaf IFN
regulatory factors (IRF) 3 and (Matsumoto & Seya 2008)n the case of TLR 3 and
TLR 4, this is mediated by the TiRlated adaptor protein inducing interferon (TRIF),
using the TRIF related adaptor molecule (TRAMamamoto et al. 2003YLR 7 and 9
signalling is classically mediated by MyD®8ros et al. 2010; Gowda et al. 2012)

1.3.1.2 TLRs and their ligands

As mentioned before, there is a great variety of molecules that cathgnized by
TLRs, from exogenous pathogens as bacteria, virus or parasiteslftoolecules
released in physiological damage situatiqBgutler 2009) Based on its primary
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sequences they cdre divided into subfamilies that can recognise related molecules
(Fig. 1.5):

TLR 1, 2 and 6 This group of TLRs form dimers to recognise exogenous lipids. Acting
as a homodimer, TLR2 recognise peptidoglycan (PGN) of grasitive bacteria and
discriminate between different long lipopeptides and mycoplasma lipopépatienk

et al. 2009) It also interacts with the accessory molecules differentiation cluster (CD)14
and CD36 to sense lipoteichoic acid (LTAShamsul et al. 2010)TLR2 can form
heterodimers with TLR1 to recognise triacylated lipopept{@svitt-Beckmann et al.
2006) and with TLR6 to recognise diacylated lipopeptidés A. Rose et al. 2009)
TLR 2 can also recognise DAMPs as the extracellular matrix component hyal@bbnan
Jiang et al. 2005)

TLR 3, 7 and 9 This group of TLRs are located in endosome vesicles and can
recognise nucleic acids from intracellular pathogens.
1 TLR 3 is able to recognise foreign double stranded RNA of viruses and the
synthetic ligand poly inosinipoly cytidylic acid (poly I:C)Barton 2007)
T TLR 7 (in human) and (in mouse) is able to recognise single stranded RNA
viruses and the synthetic neclle imidazoquinoline used against papiloma
virus (Gantier et al. 2008)
1 TLR 9 can recognise DNA with repeated cytidipeosphateguanosine (CpG)

motifs present in bacteria anduses(Bauer et al. 2001)

TLR 4: Thisis the firstTLR described in humarits ligand is the LPS present in the
outer membrane of gramegative bacteria. In order to achieve this, TLR 4 needs the
accessory molecules MD2 and CD(2t Jiang et al. 2000; Wright et al. 1990)

This TLR can also recognise different DAMPs egmated by cleavage of ECM
components as hyaluron&voelcker et al. 2008)biglican (D. Jiang et & 2005) and
fibronectin (Morwood & Nicholson 2006) It can recognise intratdular DAMPs
released only under stressful conditions where the cells increase the synthesis of heat
shock proteins (HSP) 60 and {8chmitt et al. 2007)In necrotic death, wihe the
intracellular and nuclear content is released, it recognises the high mobility group box 1

(HMGB-1), a nuclear proteirfLotze & Tracey 2005) Recently a new association
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between TLR 4 and TLR 6 forming a heterodimer has been found, which is regulated
by the scavenger receptor CD36 to initiate the-ipflammatory response when

recognising LDL (low density lipoproteins) and amykfidStewart et al. 2010)

TLR 5: This TLR has been found to recognise the flagella of high virulent bacteria

through flagellin, which is its major component protgtitzgerald et al. 2001)
TLR 12 This TLR is only expresskin mice although the genomic homologue has been

found in human, but it has a stop codon in its sequence. This TLR prevents the murine

bladder infection by uropathogenic bact¢Bsander & Medzhitov 2004)
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Figure 1.5. General activation pathway of the Tolllike receptors in response to pathogen stimulatioimmune

system and epithelial cells can recognise a great variety of PAMPSfénedif TLRs on the membrane. For example
Gramnegative bacterial lipopolysaccharide (LPS) through TLR 4, triacyl and diacyl lipopeptide ofp@sitivie

bacterial wall through TLR 2 TLR 1 and TLR 2i TLR 6 respectively and flagelin through TLR 5. Upon
recognition a signalling pathway activates the MAP kinases pathway that can activate the nuclear transcription factor
NF-a B 0 1 to/sd&rete inflammatory cytokines like TNF, -6lamd -1 b . TLR 4 can also ac!
phase the IRF3 to produce IFEN. PAMPs from viral and intracellul ar p
endosomes. TLR 3 recognises double stranded (ds)RNA and poly(l:C) to activate IRB3B NFo f1. TARP7

recogni ses single stranded -déoxysifo RpGENAamotifs preseR frequentimime t h y |
bacteria and virus both to activate IRF7 anda\B .
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1.3.2 Innate immunity of the uterus

The FRT is a mucosal epithelia comprised by an upper sterile part formed by the
fallopian tubes, uterus and endocervix,daa lower part formed by vagina and
ectocervix. As the intestinal tract mucosa, commensal bacterialLbk#obacillus
acidophiluscolonise the lower FRT, which helps to maintain the vaginal pH between
4.9 and 3.5. This acidity inhibits the growth of otlpathogenic bacteria, which may
enter from the perineufWaugh & Grant 2006)The mucosa of the upper FRT must
perform a tight immune surveillance to avoid microorganisms of the lower tract access
the upper sterile tissue. A sunf diverse events such as menstrual cycle stages,
pregnancy, use of hormonal contraceptive agents, frequency of sexual intercourse,
sexual partners, vaginal douching and antibiotics that occur in the FRT, may change the
environmental conditions of the traamhd the composition of the inhabitant microbiota
(Witkin et al. 2007)

The uterus is an immur@ivileged organ as it is where most of these events take place.
In particular pregnancy and development, where it will tolerate the invasion and damage
derived from the implantation and the development of a support system foapcggn

and at the same time protect from potential infecti@wisert et al. 2012)n order to
achieve this, the innate immune system has different mechanisms of action.

The FRT has a variety of weapons to face an infection, as any other mucosa. The
epithelial cells can secret humoral innate mediators with antimicrobial activity like

| ysozyme, | actoferrin, secretory | eukoc:
defensingHickey et al.2013) The production of antimicrobial peptides has been found
constitutive in the endometrium, changing along the menstrual cycle, with the highest
peak at secretory phage€ing et al. 2003)Also it counts with a constant surveillance of
innate immune system cells like natural killer (NK) cells, monocytes, macrophages and
neutrophilgBélec 2002)

1.3.2.1 Progesterone as an immunomodulatory hormone

Theuterine function is highly regulated by progesterone, initially relebgdte corpus
luteum of the ovary after ovulatiaand later by the placent®neof the suggested roles

of this hormone is the immunosuppression of the normal uterine leukocyt@fufast
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the establishment and maintenance of pregndRope 199Q)Early studies in mice
suggested that inhibition of progesterone during pregnancy lead -terpredelivery

and resorptions. Nevertheless, pregnancy could be rescuednisfetring supernatant

of progesterone treated splenocytes to modulate NK tole@mskeredBartho et al.
1990) The NK inhibitory factor was later identfi as the Progesteromeduced
blocking fador (PIBF), an immunomodulatory peptide that can inhibit degranulation
hence cytotoxicity of the NK cell@aust et al. 1999 nd prone the cytokine response

of uterine leukocytes towards a Th2 profigzekeresBartho et al. 2001 Clinically, the
importance of progesteme-induced fetal tolerance has been suggested as low serum
levels of progesterone or PIBF correlate with abortions antkepme deliveriegArck et

al. 2007) Progesteronean modulate the migration of macrophagesast cells and
dendritic cellsto the uterine decidua and their activation and production of pro
inflammatory mediators as 11b and instead produce a H™ype cytokine environment
(Schumacher et al. 2014Recently, the immunosuppressor effect adgasterone has
been observed in the placenta response towards LPS. Progesterone downregulated TLR
4 and MyD88expression antlluntedthe productiorof pro-inflammatory cytokines in

the human amniotic epitheliu(floresEspinoseet al. 2013)

1.3.2.2 Uterine leukocytes

The diversity of leukocytes infiltrating the uterus varies along the reproductive cycle.
The surveillance increases along the cycle towards the secretory phase and being at its
highest peak during the perimenstrual ghakhis is required to control the breakdown,
clear the endometrial tissue debris during menstruation and protect it from inf¢dtions

Evans & Salamonsen 2012)

Uterine natural killer cells.The major population of cells present in the endometrium is
the uterine natural killer (UNK) cell¥he decidual secretions regulate the proportion of
uNK cells in the endometrium reaching a 70% of the total leukocyte population during
the midsecretory phase and decreasing towards the end of the first trimester of
pregnancyLe Bouteiller & Piccinni 2008)They contribute towards the implantation of
the embryo by producing cytokines and growth factors to regulatefaanidate it
(Sentman et al. @7) Also they promote the vascularisation of the uterus and

trophoblast migratiofJi Yeong Lee et al. 2011)
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Macrophages and dendritic cellsThese are the two main populations of antigen
presenting cells of # uterus. Macrophages perform the immune surveillance of the
endometrium increasing in numbers during secretory p{#aséeong Lee et al. 2011)
They contribute towards the angiogenesis of the spiral arteries during implantation.
They are found to modulate an amilammatory environment to contribute to the feto
maternal tolerance. Also they are able to promote inflammation and protect the fetu
from an infection during pregnan¢iagamatsu & Schust 201@endritic cells (DCs)

are a small population of-B0% of the total leukocytes in the endometrium.
Neverthelesstheir role in the establishment of pregnancy has been crucial as they will
produce LIF necessary for embryo implantation and -BGF f o r vas@ul ari
Yeong Lee et al. 2011)The depletion of DCs from murine esrdetrium makes the
mice infertile due to a deficiency of implantation, vascularisation and decidualisation of
the endometriunfPlaks et al. 2008)

Neutrophils. As with the previous leukocytes, uterine neutrophil infiltrates vary with
the menstrual cycle. The presence of the neutrsphithe uterus is constant until the
proliferative phase where the production of the chemokir@ ilicreases, attracting the
migration of more neutrophils to the tissue. Upon the drop in progesterone observed
prior to menstruation, H8 production increses, attracting even more neutrophils
(Kelly et al. 1994) Neutrophils are the first subset of cells found during inflammatory
conditions to clear the wounds from possible pathogens. During menstruatiaghit

be possible that they contribute to the endometrial shedding by production of MMPs.
They will favour the activation of other neutrophils and clearing of the tissue debris by
the production of IFMb (Salamonsen & Woolley 1999)

1.3.2.3 TLR in the female reproductive tract

The cells of the FRT can express TLRs and promote inflammatory reactions in response
to the recognition of PAMPs. It has been also found that thesTdrie differentially
expressed through the segments of the FRT. In humans, the TLRs 1, 2, 3, 5 and 6 are
present in the epithelia of both upper and lower regions of the tract. TLR 4 was only
found in the endocervix, endometrium epithelial and stromal aeelisfallopian tubes
(Hirata et al. 2005; Fazeli et al. 2005)his differential expression might be a
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mechanism of tolerance in the lower FRT colonized by commensal bacteria, otherwise a
constant activation of the TLR 4 pathwapuwid generate an exacerbated inflammatory
process through the tragffazeli et al. 2005)The expression of TLRs and its function

has been studied in different endometrial cell lines such as-Rl8% Ifikawa with

the objective of establishing a suitable in vitro model of stdpoussahoud,
Aflatoonian, et al. 2010b; Young et al. 200#)has been found that the human uterine
epithelial cell line ECC1 can expeeall the TLRqSchaefer et al. 2004)

1.3.2.4 Regulation of TLR expression during the menstrual cycle

One of the most notable findings is that the menstrual cycle can egtiat
immunologic state of the FRT. It has been reported that estradiol and progesterone can
control the proliferation, apoptotic rate, secretion and the ability to respond to pathogen
invasion by controlling the migration and localion of the immune dis. This
activation can also modify the physical barrier through the tegithelial resistance
(TER) to avoid the bacterial migration through the intercellular spéesisey et al.

2005) These hormonal changes throughout the menstrual cycle can also affect the TLR
expression in the epithelial cells of the human endometrium. The lowest level of
expression of the TLR-8, 9 and 10 was found to be during the menstruation and
proliferative phase and the highest levels were found to occur in the secretory phase
(Aflatoonian et al. 2007)These findings support the iddzat the FRT must comply

with the defence against exogenous microorganisms, recognise commensal ones and
allow the presence of allogenic spermatozoa and immunologically distinct foetus
(Grossman 1985)

1.3.2.5 Functionality of TLRs in the uterus

As suggested before, a strict surveillance of the uterus is essential fantatipn,
pregnancy and menstruation. The highest expression of the TLRs during the secretory
phase and pregnancy may suggest that they play an important role in the tissue defence
and maternal and fetal protection. In order to achieve this, TLRs ardoabtdivate

several mechanisms upon activation. The production efnfi@nmmatory chemokines

like IL-1 b ,-6, TNFU a n-8lis dné of the main effector mechanisms of the TLRs.

It has been found that the EECs and ESCs are able to prod8c@ Hespons to TLR
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4 and CD14 stimulation with LP&lirata et al. 2005)In a similar way, the production
of IL-8 has been olksved when TLR 3 of primary EECs and RE®2%pithelial cell line
were activated with Poly I:QJorgenson et al. 2003)--8 will promote the migration of
neutrophils, monocytes and macrophages to the tisgsudeal with the potential
infection. The endometrial cell line EECcan produce H8, monocyte chemotactic
protein (MCP-1) and IL-6 upon stimulation with zymogen and flagellin (TLR 2 and 5
agonist respectively)Schaefer et al. 2004The antiviral responses of endometrial cell
lines mediated by TLR 3 have also been studied through the stimulation of the2RL95
and Ishikawa cells with poly I:C, inducing-& secretiorand an IFN type 1 response by
the secretion of IFM (Fahey et al. 2005; Jorgenson et al. 2008)rine primary EECs
alsoexpress all the TLRs he stimulation of TLR 1/2, TLR 3, TLR 4 and TLR 2i6
thesecells arenduce the production #CP-1 (Soboll et al. 2006)

An exacerbated activation of TLRs during preghancy has been observed to bring
negative consequences and to even inducgepne labour. The i.p. administration of

LTA, LPS, PGN and Poly I:C (ligands for TLR 1/2, TLR 4, TLR 2/6 and TLR 3
respectively) @ pregnant mice increases the chances oftggra labour and the
production of preinflammatory cytokines 11 b ,-6 dnd TNFU and def i ci e
the vascularisation of the tiss(i¢ajikawa et al. 1998; Clark et al. 2004, llievski et al.

2007; llievski & Hirsch 2010; Koga et al. 2009; J. Zhang et al. 2007; Friebe et al. 2011)

1.3.3 Female reproductive tract infections and infertility

About 4050% of the infertiliy cases in couples are related with female problems. In
recent years, the incidence of these problems has increased proportional to the rate of
infections by sexually transmitted diseases (STD) and the number of sexual partners
(Pernoll 2001)

Infertility factors can be congenital (related wglructure abnormalities) or acquired
(related to infections and surgical treatments). These are classified in cervical factors,
uterinetubal factors, ovulatory factors and peritoneal or pelvic fad®peroff & Fritz

2004) Within the infections of the URT we can find those related to the endometrium
(endometritis), uterine wall (myositis), fallopian tubes (salpingitis), ovary (oophoritis),

uterine serosa and broad ligaments (paratigtand pelvic peritoneum (peritonitis).
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99% of the URT infections follow a intraluminal entrance of pathogens in which they
have accessed the FRT through the calimn of the vagina, then they have infected

the cervix and finally accessed the URTamg(Pernoll 2001)

One of the principal STD pathogens involved in these infertility problems is the gram
negative intracellular bacteriu@hlamydia trachomatisThe detection and treatment of
the C. trachomatisnfections is difficult because between the A} of the caseare
asymptomatic (Carey & Beafpy 2010) The infection is intraluminal and its
complication in the URT can generate pelvic inflammatory disease (PID), which can
lead to infertility problems. From the uterus it can reach the fallopian tubes (salpingitis)

where it can cause tubal infiéity (Pernoll 2001)

Another pathogenassociated with infertility problems in women T&ichomonas
vaginalis It is the most common STD reaching epidemic levels with abdt @illion

cases in the United States and 11 million cases in Eufigelelland 2008) T.
vaginalis is an extracellular flagellated single cell parasite that colonises the vaginal
epithelia and can persist asymptomatic for several years. It can colonise the URT
causing endometritis, atypical PID, cervigancer and infertility(Fichorova et al.
2006)

Some other infertility cases are those associated withiagenicoplasmaMycoplasma
hominis and Ureoplasma urealyticumare strongly associated with cervicitis,
endometritis, PID, salpingitis and infertility. These microorganisms are usually found
associated with other pathogens of the URT in infertility casdsttaa prevalence of

single infections causing infertility is lo{Pellati et al. 2008)

Neisseria gonorrhoears a gramnegative diplococcus and is one of the most common
STD pathogens. The primary infections reside in the endocervix and in the urethra. In
20% of the cases, it ascends into the URT causing endometritis, salpingitis, peritonitis
and PID with possibties of generating ectopic pregnancies, chronic abdominal pain
and infertility (Pellati et al. 2008)The infections\. gonorrhoeaeare commonly related

with co-infections withC. trachomatigPernoll 2001)
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The FRT must deal with the infections of these pathogens to rethomteostasis. The
innate immune system of the tract is the first line of defence against infections. It is
capable of recognizing these pathogens and acting in response with effector

mechanisms to try to eliminate them.

1.4 Hypothesis and ens of the study

The implantation of the embryo in the uterus is a complex process in which a direct line
of communication between the mother and the embryo must be established. The
establishment of an optimum environment in this embryo maternal interface
characterised by éhpresence of cytokines, chemokines, hormones, growth factors and

adhesion molecules is vital for the success of the implantation process.

For this reason the malypothesisf this workis that theactivation of theendometrial
TLR 2 would negativelyaffect the function of the endometrium at the time of

implantation

As for the particularaims of the work we followed a sequential set of aims trying to
answer the main experimental question:
In chapter twowe aim toexplore than vivo effects that tha endometrial TLR activation

could inflict on the endometri@mbryonic interactiom a murine model

On chapter 3, using an vitro model of human endometriiophoblast interaction our
aim was todescribe how the activation tie endometrial TLR 2 and TLR 2/6 can be
detrimental for the interaction with the trophoblasts.

On chapter 4, waim toexplore if the cell membrane morphology could be affected by
the TLR stimulation. We usal of atomic force microscopy fora topological
characterisatiorand explored the membrane profile of different endometrial cell lines
and a breast carcinoma cell with a powerful antibody panel to identify 23 different

membrane surface proteins by flow cytometry.
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On chapter bwe aimed to studthe roleof the membrane on the lack of endometrial
adhesiveness after TLR stimulatitmough he expression of two argidhesive mucins
for the implantation of the embryo, MUC1 and MUC16.

Finally on chapter @®ur aim was tcexplore thecapacity of the endomedli cells to
activate the transcription factoldF-a B a n-fl in Aegponse to the activation of
different TLRs

Together these results indicate that the activation of the endometrial TLRs can affect
multiple elements involved in endometrial receptivithese effects could be observed

in vivo and in vitro affecting cell morphology, protein expression and transcription
factor activation.
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Chapter2. Then weifvects of TLR 2/ 6
uterine horn morphol ogy

| mpl antati on
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2.1 Introduction

Embryonic implantation is a critical event leading to a successful preg(iaakgl et al.
2010) The implantation process requires a complex orchestration of cellular and
molecular events that include: expression of adhesion molecules, remodelling of the
uterine extracellular matrix and an intricate crosstalk of horsyowgtokines and
growth factors between the embryo and the endomeffii@ssey 2000; Dimitriadis et

al. 2010; H. Singh & Aplin 2009; Paria et al. 2000; McEwan et al9R0the immune
system plays an important role in the modulation of the mechanisms involved in
implantation. Pregnancy represents an immunological contradiction in which a semi
allogeneic foreign entity, the embryo, is not rejected by the maternal imsystem

but accepted and nourished. This is achieved by several mechanisms, including the
modulation of the maternal immune system by theipg@antation embryqWalker et

al. 2010) Consequently, any interference that may imbalance the immune system
responses could result in embryo loss and infertility. In fact, many infertility problems
in women are associated with infections of the UBdmpartments: endocervix,
fallopian tubes and uterus. The pathogens responsibl8Tbrsuch asMycoplasma
genitalium Neisseria gonorrhoeaand Chlamydia trachomatidhave been associated
with infertility in women(Dekel et al. 2010; Pellati et al. 2008)

The FRT is able to respond against these pathogenic entities and initiate an immune
response. T first recognition of pathogens in the FRT is mediated by the innate
immune system of epithelial, residesiendritic and NKcells (Dimitriadis et al. 2010;
Hickey et al. 2011; Walker et aR010) This innate response will later prime and
instruct the adaptive immune system to initiate cellular and humoral responses against
pathogengWalker et al. 2010; Hickey et al. 2011; Wira et al. 2008)order to detect

the potential pathogens, endometrial epithelial cells extBssto commonPAMPSs

One of the main families of PRRs is TLR fam{iickey et al. 2011; Kawai & Akira

2010) They can recognize a great variety of PAMPs from bacterial, fungal, parasitical
and viral origin. The TLR family is formed by 10 meenb where each respond to a
specific ligand that promotes the secretion of a different subset of cytokines and
chemokinegHorne et al. 2008; Aboussahoud, Aflatoonian, et al. 2010b; Fazeli et al.
2005; Koga & Mor 2008)TLR 2 and its heterodimers with TLR 1 and TLR 6 can sense

a great variety of PAMPs from pathogens that might be present in the FRT and can be
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activated by PGN from bacteria €. trachomatis, Staphylococcus aurgus.
gonorrhoeae M. genitalium lipoproteins) (O'Connell et al. 2006)yeast Candida
albicans phospholipomannanjGil & Gozalbo 2006)and parasites Tfichomonas
vaginalis lipophosphoglycanfFichorova et al. 2006) The heterodimer of TLR 2 and

TLR 6 has been found to recognize the macrophage activated lipoprotein derived from
MycoplasmdermentangMALP-2) (Buwitt-Beckmann et al. 2005FSL-1 is a specific

and potent ligand for the heterodimer TLR 2/6 and was synthesized based or2aVALP
structure by changing its amino acid sequef(O&usawa et al. 2004)Upon this
recognition, they initiate signalling pathways that end up in the activation of the
transciption factors NFe B 0 ¥l thét Promote the activation ofginflammatory

genegBrown et al. 2011)

The expression of TLRs-10 has been observed in mammalian uterus and in different
human endometrial epitheliakll lines(Aboussahoud, Aflatoonian, et al. 2010®bhis
expression follows the metrual hormonal cycle. The highest level of TLR expression

in the human endometrium has been observed during the late secretory phase, where
implantation of the embryo takes pla@flatoonian et al. 2007)Although TLRs have

been observed to be involved in a number of pregnancy disorders such as preterm
labour, early pregnancy loss and grelampsigKoga & Mor 2010) not much is known

about heir function during embryo implantation. Recent results from our laboratory
have shown that activation of TLR5 by its ligand flagellin can interfere with trophoblast

spheroids adhesion to epithelial cétisvitro (Aboussahoud, Bruce, et al. 2010a)

The study of the human embryo implantation process in vivo is limited due to the
anatomical and the phpdogical restrictions and the ethical and the legal issues
surrounding experimentation with human embryos. For these reasons, research on the
embryo implantation has opted to employ different animal model spédibsugh the
implantation of different mamals can vary on the degree inf/asivenessthey all
follow an initial phase of interaction with the maternal trahe human embryo
implantation and placentations invasive The primate embryo implantatiois the
closest model to humgsharkey & Smith 2003put the manipulation of these species

is also limited due to ethical responsibility.is for this reason thahé murine model

has been chosen to study implaéima due to the similaritiethat shares with human
embryo implantatiorand a certain degree ofvasivenesgH. Wang & Dey 2006) It
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also offers many advantages like the possibility to manipulate their gametes and
oestrous cycle (between 4 to 5 days) and a short gestation (Approx. 3 {&ibles)

1995) Implantation of the murine embryo will take place on metestrus (day 4.5) the
equivalent of the late seetory phase in human.

In the current investigation, we determined if the activation of the TLR 2 could
influence the implantation of the embryo. We used an in vivo murine embryo
implantation model, to assess if the activation of TLR 2/6 in the UH iffiegt aiterine

morphology and secretory profile during implantation period as well as embryonic

implantation.
The experiments in this chapter has been published in the papalr activation of

uterine toltike receptor 2 and 2/6 decreases embryo implaon and affects uterine

receptivity in micdoy the journaBiology of ReproductiofSanchez Lépez et al. 2014)
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2.2 Materials and Methods

2.2.1 Embryo transfer experiments

2.2.1.1 Mice superovulation and mating

C57/CBA mice vere obtained from Harlan Laboratories. All mice used in the
experiments were housed under controlled temperature conditions of 22°C with a 14/10
h light/dark cycle, 4860% relative humidity and free access to water and food. Females
were kept in cages 00DO0 cnf in groups of 810. Males were kept individually in 250

cn? cages.All animal experiments were performed in accordance with Institutional
Animal Care and Use Committee guidelines from the INIA (Instituto Nacional de
Investigacion y Tecnologia Agrariy Alimentaria) and in adherence with guidelines
established in the Guide for Care and Use of Laboratory Animals as adopted and
promulgated by the Society for the Study of Reproductt@males were injected i.p.

with 7.5 IU of equine chorionic gonadotiodeCG; Foligon 500, Intervet), followed 48

h later by 7.5 IU of human chorionic gonadotropin (hCG; Veterin Corion, Equinvest).
Thereafter each female was placed in a male cage (2:1) for mating. On the next day (day
0.5 8:0010:00 h) the females with vawil plug were separated from the mal€ke
selected mice were euthamis by cervical dislocation 3.5 days posating (embryos
reached blastocyst stage). Both uterine horns were dissected and placed in a petri dish in
prewarmed M2 media. The lumen of éaborn was rinsed with M2 media (M7167,
Sigma, Dorset, UK), using a 1ml syringe with a 30G needle. The blastocysts were
collected under a stereoscopic microscope using a glass micropipette and rinsed twice in
M2 media. Finally they were rinsed once inqararmed K modified simplex optimized
medium (KSOM, KSOMaa Evolve, ZEKS50, Zenith Biotech) for at least 30 min until
embryo transfer. The blastocysts were rinsed in warmed up M2 media and placed in a
transfer pipette.

2.2.1.2 Foster mice preparation

The fosterCD1 mice were obtained from Harlan Laboratories. The females bedding
was replaced with male bedding to initiate the oestrous cycle. At the start of the estrus
phase of the cycle (two days later), the females were mated with vasectomized males to

induce thepseudepregnancy state and prepare the reproductive tract to receive the
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embryos. The foster pseugoegnant mice were selected by the presence of a vaginal
plug. On day 3.5 poshating, females were anesthetized by inhalation of Isofluorane
and kept on avarm plate during the surgery. The left uterine horn was exposed and the
top of the uterdubal junction was carefully pierced with the tip of a 30G needle where

a transfer pipette loaded with the blastocysts was inserted. The pipette reached the
uterinehorn (UH) through the opened utexdal junction and delivered the blastocysts.

The foster mice were kept in separate cages with tags, identifying the date of embryo
transfer, number of embryos transferred and treatment. Food and water were supplied

ad libitum.

2.2.2 Histological evaluation of the murine UHs

2.2.2.1 Sample collection and storage

The foster mice were euthanized by cervical dislocation. UHs were dissected and placed
in petri dishes. The UHs were stored in 10% paraformaldehyde and dehydrated in a
seriesof ethanol dilutions (70, 90 and 100%) for fixation. Finally UHs were sectioned

in two and embedded in paraffin. The paraffin blocks were cut in transversal sections of
4 em using a microtome and fixed to nor
slides were then stained using the conventional Haematoxylin & Eosin (H&E) method.
Briefly, wax was removed by rinsing twice in xylene for 5 min. Tissue was hydrated in
series of ethanol dilutions (Twice in 99, 95 and 70%) and tap water for 5 min. The
slides wee stained with Gill Il Haematoxylin (VWR, Lutterworth, UK) for 1 min and
rinsed with tap water for 3 min. The slides were stained in 1% aqueous Eosin (VWR)
with 1% Calcium Carbonate (Sigma) for 5 min and rinsed in tap water for 30 sec. The
sections wereehydrated in serial dilutions of ethanol (70 and 95% for 10 sec and twice
99% for 30 sec) and twice in Xylene (1 and 3 min). Finally the coverslip was fixed with
DPX mountant (VWR). The cross sections in the slides were imaged using light
microscopy (Olymps CKX41; Southendnsea, UK) and captured with the NIS
elements software (Version F3.0 SP4; Nikon, Surrey, UK). The changes of the
development of the uterine decidua due to estrus cycle were observed.
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2.2.2.2 Morphometric analysis of the UH

The images of 10 csssections were captured using the 20x objective and measured
using the software ImageJ (NIH, Bethesda, MD, USA). This step was taken to ensure
the consistency of the measurements along the length of the horn. The scale for ImageJ
area measurements was gsing the scale bar (500 um) given by the capture software.
Each respective area was measured by outlining it with the free hand selection tool and
the area obtained using the measure option. For each UHsect#sn the total area
(A; myometrium, endmetrial stroma and epithelium and lumen), endometrial area
(Aer; including lumen), luminal area (Awas measured and the number of glands (nG)
was counted. The endometrial area)(And the myometral area \\ were calculated
as follows:

AE = Ael - AL

A, =A; -A,
Then the mymetral index i), endometrial indexH]), luminal index i) and gland

index Gi) were calculated as follows:

Mi:A_M
AT
Ei:i
AT
Li:i
AT

G =nG" E

2.2.3 Cytokine measurement

2.2.3.1 Sample collection and storage

The foster mice were euthanized by cervical dislocation. UHs were dissectpldeceu
i n petri di shes. The UHs were rinsed wit
media was collected in 0.5 ml centrifuge tubes and stor&DaE.

69



2.2.3.2 Cytokine Arrays

The flushed media samples were analysed using the Mouse Cytokine ArrayARétnel

(R&D Systems, Abingdon, UK) for the production of 40 soluble protein€eB
Chemeoattractant (BCL), Complement component 5a (C5a), Granulocyte Colony
Stimulating Factor (&CSF), Granulocyté Macrophage Colony Stimulating Factor
(GM-CSF), TCell Activation-3 (TCA-3), Eotaxin, SolublsICAM-1, IFN-o , -1 1UL- | L
16,-1rd, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-10, IL-13, IL-12 p70, 1l-:16, IL-17, IL-

23, IL-27, Inflammatory Protein (IP)O, Interferoninducible T-cell Alpha Cheme
attractant {TAC), Keratinocyte Chemattractant (KC), Macrophage Colony
stimulating Factor (MCSF), MCR1, MCR5, Monokine Induced by Gamniaterferon

(MIG), Macrophage Inflammatory Protein (MHR2)U, -IVB ,P -2yIReBulated upon
Activation Normal Fcell Expressed and presubiya Secreted (RANTES), Stromal cell
Derived Factor (SDF), Thymus and Activation Regulated Chemokine (TARC),
Tissue Inhibitor of Metalloproteinases IfIP)-1, TNFU and Tri ggering
Expressed on Myeloid cells (TREM) The samples were incubated might with the
membranes and the detection antibodies at 8°C on a rocking platform. The membranes
were rinsed with wash buffer twice for 10 min and incubated with 2 ml of Streptavidin
HRP for 30 min. The membranes were rinsed twice in wash buffer anohlO.6f
chemiluminescent reagent was used to develop the array. Images of the membranes

were captured in an image analyser after 5 min exposure.

2.2.3.3 Cytokines and chemokine quantification

The chemokine MCR and cytokine IEL b wer e eval uat esdmplemn t he
by flow cytometry using a Cytokine Bead Array (CBA, BD Biosciences, Oxford, UK).

Briefly, 50 ¢l of the flushed media sam
cytokine detection beads mi x, 50 ¢l of

i ncubated for 3h. The samples were washe
and centrifuged at 200 x g for 5 min. The pellets were tes pended i n 300

buffer and analysed in a FACSArray cytometer (BD Biosciences). The cytokine IL
IRAwasmeasured using an ELI SA kit (PeproTe:q
flushed media samples were incubated at room temperature in the-aRA antibody
pre-coated 96 well plate for 2h. The plate was rinsed 4 times with washing buffer and
100 the seaoridary biotinylated antibody (500 ng/ml) were added amtebated
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for 2 h. The plate was rinsed 4 times wi
peroxidase (1:200) were added and incubated for 30 min. Finally the plate was rinsed 4
times wi t h washing buffer and 2,290n0bis(3 | o |
ethylbenzothiazoling-sulphonic acid))iquid substrate were added. The optical density

was measured in a plate reader at 405 nm with wavelength correction set at 650 nm.

2.3 Experimental Design

2.3.1 Evaluation of the murine UH after TLR 2/6 activation

2.3.1.1 Morphological and morphometrical assessment and evaluation of the UH

protein secretion after TLR 2/6 activation

The foster Swiss mice were mated with vasectomized males to induce the-pseudo
pregnancy sta. On day 3.5 posghating, the uterdubal junction of the left UH was
pierced with the tip of a 30G needle and a transfer pipette was inserted through the
opening to delli v(e. 11 0e ge/lelagf nFSL 16) or s
group (n = 10 Mice were sacrificed 4h later (pmaplantation day) or on day 4.5
(implantation day) and the uterine horns collected. The inflammatory reaction in the UH
was assessed by morphological and morphometric evaluation of the H&E stained
samples. The flushedhedia samples from the UHs were pooled in four different
groups: Ctrl 4h, FSI1 4h, Ctrl 24h and FSIL 24h. The protein production was
assessed using the sequiantitative Mouse Cytokine Array Panel A kit (R&D Systems)

for the presence of 40 different cigtnes. The profile of protein production was
compared between the experimental groups. Furthermore, the concentrations of the
cytokines I-:1 b , a ndwed @Bessed in each individual sample by CBAs (BD)
and IL-1RA with an ELISA kit (PeproTech) and datare log transformed to normalize

distribution.

2.3.1.2 Evaluation of the effect of TLR 2/6 activation on embryo implantation

The Swiss foster mice were prepared for embryo transfer as mentioned above. The
uteratubal junction of the left UH in each mice was pidt with a 30G needle to make

an opening and wusing a transfer pipette

71



(n=15)orFSE1 (0.1 eg/ el ; n=16) foll owed by a
blastocysts. After 15 days the foster mice werthanized by cervical dislocation. The
uterine horns were dissected and the number of embryos implanted andedoetus

resorbed was registered (F&jl).

2.3.2 Statistical analysis

The results were expressed as mean + SEM. Statistical analysis was performed using
Statistica (V7; Statsoft UK, Letchworth, UK). The comparison of two experimental
groups was performed with the nparametric MantWhitney U test. The individual
cytokine measurement was log transformed to normalize distribution. Multiple groups
were compred with a onavay ANOVA and a Bonferroni multiple comparison post

test. PO0.05 was considered to be significant.
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Figure 2.1. Experimental design of the embryo transfer and stimulation procedureslime line of supeovulation of embryo donor mice, foster mother preparation, administration ef FSL
and blastocyst transfer. eCG (Equine Chorionic gonadotropin), hCG (Human Ch@&mmradotropin) and UH (Uterine horns).
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2.4 Results

2.4.1 FSL-1 administration induced morphological changes irthe UH

The saline treated UHs on the jmeplantation day (4h podteatment) retained the
morphology of a normal UH. The myometrimmas dense and endometrial stroma filled

with secretory glands. The endometrial lumen was psstrdtfied and convoluted,
showing a small luminal space. Finally, an abundant secretory activity in the
endometrial luminal cells and glands could be obse(iegl 22a). In contrast to this,

the FSL1 treated UH presented an atrophic morphology. The thickness of the
myometrium and stroma was reduced as well as the number of glands observed. The
FSL-1 treated epithelial endometrial cells morphology changed émomnar pseudo
stratified to simple columnar/cuboidal shape. Nevertheless, some secretory activity
could still be observed (Fig.2a). TheMi, Ei and Gi were significantly higher in the
saline group compared to the F$Lireated group (Fig..2b). In cantrast, the lumen

was smaller and more convoluted in the saline than in thelR&tated (Fig2.2b). In
controls, the morphology of the UHs on the implantation day (24htpEztment) was
similar to the ones at estrus. In addition to this, the stronsalease and filled with
edema, a characteristic of a decidualised endometrium. The presence of vacuoles in the
cytoplasm of luminal and glandular epithelial cells confirmed a high secretory activity
at this stage. The 24 h F9Ltreatment induced an atroglof the UHs decidua (Fig.

2.3a). This could be observed in the reduction of Mheand Ei of the FSL1 treated

UHs compared to the saline treated UHs (Eigb).
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Figure 2.2. Effect of the TLR 6 activation on the murine uterine horn morphology on the Premplantation day. Uterine horn morphology and morphometry after TLR 2/6 stimulation.
Crosssection of the H&E stained murine UH treated with saline solution orFSL( 0 . 1 €4 /orr preémplanfatiore day (a). Images were taken at 40x and 400x magnifications.
Morphometric analysis of the different layers of saline and-ESteated UHs: endometrium (Ei), myometrium (Mi), lumen (Li) and glands (Gi) oinmiantation (b). The barare
representative of the mean + SEM from 10 crestions of each UH. The statistical comparisons between saline control aiidtiegtments werperformed with a Mann Whitney-tést
where * p00.05. Lu: Lumen, E nAs puBisheddefedSanchazrhopazretal. 044) My omet r i um.
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Figure 2.3. Effect of the TLR 6 activation on the murine uterine horn morphology at the Implantation day.Uterine forn morphology and morphometry after TLR 2/6 stimulation. Gross

section of the H&E stained murine UH treated with saline soluton orFFSL( 0. 1 e€g/ ¢l ) after 24h on implantation day (a). I mage:
analyss of the different layers of saline and F$lireated UHs: endometrium (Ei), myometrium (Mi), lumen (Li) and glands (Gi) oimmpiantation (b). The bars are representative of the

mean = SEM from 10 crossections of each UH. The statistical compariscetsvben saline control and FSLtreatments were performed with a Mann Whitkey e st where * p0O0. 0
Lumen, En: Endometrium and My: Myometriuss published befor€Sanchez Lopez et al. 2014)
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2.4.2 FSL-1 treatment of the UHs increased the production of pro

inflammatory cytokines

Sixteen proteins were detected 4h after treatments and 17 proteins were detected 24h
after treatments in the cytokine array. The FSkreatment of the UH on the pre
implantation day, ricreased the production of TNF, T1, MER-1, M-CSF, KC,
IL-16, IL-1ra, IL-1 b a n-d  ( E4d)g From these proteins, the highest difference
between FSi1 and saline treatments was observed in MCR-1raand Ik1 b . -1F SL
treatment for 24 hrs ineased significantly the production of MA@RIL-17, IL-16, IL-

13, IL-7, IL-4, IL-1ra, I-1 b ,-1 U Land @4bp Babel bngthese analyses, each
individual sample was analysed again by CBA for the production-af ., -M&ahé

by ELISA for IL-1RA. The FSL:-1 treatment of the tissue for 4h considerably increased
the production of Ik1 b, -M@E&dwever the change in HLRA production was
minimal (Fig.2.4c). The production of K1 b a n dl afi¢C28h of FSL1 treatment
was lower and no difference was ebgd between the different treatments. In contrast,

this treatment significantly increased-1IRA production (Fig2.4d).

2.4.3 Activation of TLR 2/6 in the murine uterine horn affects embryo

implantation

The activation of TLR 2/6 with FSIL severely reducedhe number of total
implantations in the UH compared to the saline treated horns (45.00 + 6.49 vs 16.69 +
5.01%, p < 0.05; Fig2.5a). The number of total implantations included the embryos
that developed to foetuses and those that were resorbed (impambegos that could

not develop; Fig.2.5b). The percentage of developed foetuses decreased after the
administration of FSi1 to the UH (45.56 = 6.79 vs 26.04 £ 6.84%, p < 0.05; E&r).

On the other hand, we observed an increase in the percentagerbecefoetuses in the
FSL-1 treated group compared to the saline group (4.44 + 1.79 vs 14.17 £ 3.45%, p <
0.05; Fig.2.5d).
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Figure 2.4. Expression of cytokines in the murine uterine horn after TLR 6 stimulation.Semi quantitative

profiling of the luminal lavages after 4 (a) and 24 h (b) of saline orFSLt r eat men't
-V @ IL-1RA dter 4 (c) or 24 h (d) of saline (white bars) or FSI(black bars) treatment.

production of Il-:1 b ,

(0. 21eg/ el)

The bars on the array represent the mean + SEM of two technical replicates of the pooled flushing samples of saline
(n=10) or FSE1 (n=16) treated UHs. The bar charts oflILbMCP-1 and IL-1RA represent the mean + SEM of the
logarithmic concentration of the different samples of the UH flushed media. Statistical differences between

treatments were assessed usitann Whitney Ut e s t

( AppOishéll BeforéSanchez Lopez et al. 2014)
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2.5 Discussion

Embryo implantation is a complex event initiated by the adhesion of the trophectoderm
to the endometrial epithelial cells. Thsfollowed by the trophoblast invasion into the
uterine decidua. Two major factors are involved in a successful implantation, a good
embryo quality and proper endometrial receptivity. Any disturbance in the intricate
crosstalk of hormones, cytokines, amthasion factors during this critical period of time
could lead to implantation failu@orwitz et al. 2001; M. Singh et al. 2011)

In our study using an in vivo murine model, we explored the characteon$tibe UH

on preimplantation and implantation day. We were able to create an inflammatory
environment in the UH by stimulating the innate immune system via TLR 2/6 ligand
and observe how it could affect the tissue structure and impair embryo implantation.
The inflammatory insult in the UH strongly affected the architecture of the different
layers of the tissue. This effect could be observed as soon as 4 h of the FSL
administration, when the endometrium is remodelling for suitable embryo receptivity.
This might indicate that the epithelial and stromal cells of the uterus are sensitive to
innate immune activation via TLR stimulation as a protective mechanism for the
mother. Stromal cells have been found necessary to mediate immune responses in
different bog tissues. They offer a substrate for the migrating leukocytes and
orchestrate part of the adaptive immune respoSaso & Iwasaki 2004)During
embryo implantation, the uterine stromal cells provide affaldafor migrating
cytotrophoblasts and establishment of the spiral arteries. The stromal sensitivity to
respond to inflammatory stimuli has been studied, where administration of i.p. Poly I:C
(TLR 3 ligand) to mice affects stromal decidualisation andwasisation of the uterus

(J. Zhang et al. 2007)n our experiments the innate immune activation was performed
via FSI-1 which is a synthetic diacyl lipopeptide specific ligand for TLR(&Bibata et

al. 2000) It is possible that the effect on the tissue remodelling will occur regardless of
the type of TIR activated. In fact, the capacity of the endometrial cells to react to
foreign entities has been assessed previously where the exposure of the UH to the toxic
compound di2-ethylhexyl}phtalate (DEHP) is able to affect tissue decidualisation and
impair enbryo implantation(R. Li et al. 2012) The current methds to evaluate the
estrogenic effects of toxic compounds on the UH is based on the uterotrophic assay

developed in the 1930s. It estimate the weight of the horns after treatment and gives a
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description of the morphological characteristics of the uteagers and cellfOECD

2007) In humans, the criteria to date the endometrium based on pathologist
observations were established by Noyes in the 1950s. It estimates scores for the
different morphological changes of the endometrial characteristigtaind, epithelia

and stromal development due to the phase of the ¢(yaldare & Zheng 2005)n our
morphometry assessment, we were able to measure accurately the areas of the different
UH compartments with the help of the digital imaging tools. Also the possible
differences due to the horn size and slmgpalong the length of the horn were
normalized with the calculation of the indexes. This technique can potentially be used
as an effective method of estimating toxic effects of chemical compounds on the uterine
horn of different mammalian species, aligh more standarshition in its validity is
required.

The implantation as mentioned before is an agreement between the maternal tract and
the embryo. Cytokines produced by the maternal tract are fundamental effectors, which
also peculiarly resemble anfleimmatory reaction. By profiling the UH secretions, we
were able to observe a disruption in the cytokine levels when the uterine TLR 2/6 was
activated. After 4 h of stimulation (pimplantation day) three proteins were-up
regulated: MCPL (CCL2), IL-1 bnd &_-1ra. The three of them share important roles in
both embryo implantation and in inflammation. The stimulation of the endometrium
epithelia with IL-:1 bhas been found induce the expression of endometrial adhesion
molecules necessary for embryo appositand adhesiofGeisert et al. 2012MCP-1

has been proven to be inducible by in vitro stimulation of TLR 2/6 in murine uterine
epithelial cells and TLR4 in uterine epithelial and stromal ¢8ié&boll et al. 2006)The
increase in IELIRA production after 24 h of TLR 2/6 stimulation could interfere with

the embryd mother crosstalk antagonizing-Lb . The i . p. dRAM ni st
mice in the premplantation period reduces drastically embryo implantag®imon et

al. 1998) After 24 h of FSE1 treatment we observed a distinctivenge in pattern of
expression of cytokines towards a response type Th17. This response is characterized by
the production of IE17 by T helper cells primed by active innate immune cells. The
Th17 response can lead to autoimmune diseases, chronic inflarprdégorders and
infectious diseasg®Qu et al. 2013)In the endometrium they have been associated with
cases of unexplained infertilitfNakashima et al. 201Qlasper et al. 2006nd in

response to C. muridarum, the murine homologu€ ofrachomatis(Scurlock et al.
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2011) This pathogen can initially be recognized by TLR 2 prior to an adaptive response
(O'Connell et al. 2006)

The induction of the inflammatory effect was observed in the UH secretions as soon as
4 h after exposure to TLR 2/6 ligand as an increase 4h Band MCR1 production.

From a nonnflammatory perspective MGP has been proven to be inducible by in
vitro stimulation of TLR 2/6 in murine uterine epithelial cells and TLR4 in uterine
epithelial and stromal cell{Soboll et al. 2006) One of the most remarkable
observations of our study was the increase #iRA production after 24 h of TLR 2/6
stimulation. It is likely that this overproduction on the implantation day could interfere
with the embryd mother crosstalk as {LRA anagonizesIE1 b. A cruci al
cytokine in implantation has been demonstrated before. The i.p. administration of IL
1RA to mice in the prémplantation period reduces drastically embryo implantation
(Simoén et al. 1998) The importance of these cytokines for implantation is more
apparent as their secretion is regulated nsirual cycle without the presence of an
inflammatory insult(Hickey et al. 2013)It is during the estral phase in mouse or late
secretory phase in human when their production irnuteeus increases, which is also

the phases where the endometrium changes for the arrival of the embryo. For this
reason, a safe environment should be guaranfBlee.balance of the mediators of
implantation is also delicate. From one side-ipftammatoryfactors as IE1b mediates

the implanting proces, but from the other, a tolerance to the trophoblasts of the
blastocyst must exist. Studies have proposed thd0lparticipates in this tolerance as

KO mice for it, have an increased trophoblast invasiveaesl increased placentation

and vascularisatiofC. T. Roberts et al. 2003Jhe implanting trophoblasts and uNK
cells participate actively in this tolerance as both are a source-I Ih the uterine
stroma to modulatehe infiltration and avoid the NK cytotoxic response against
trophoblastgVigano et al. 2001)The influence of IE10 can be observed not only in

the implantation environment but also in the tolerance during pregngncydgulatory

cells (Tregs). High levels of circulating 410 are found in blood and Tregs during
pregnancy highly express -10 receptor, which contributes for their survival. This is
suggested to be benefitial during pregnancy and for the future iegutétthe immune
system and development of tolerance and allef@astneNanan et al. 2013)If the

innate immune system is activated at this time, the uterine tissue is able to respond

actively. On one hand the response will defend the maternal tract from a potential
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infection but on the other hand this defencatsgy might result to adversely affect the

implantation of the embryo.

The reduction of embryo implantation confirmed a direct effect of the activation of
uterine TLR 2/6 on embryo implantation. This activation was able to affect the
development of the tarine tissue and the secreted protein profile necessary for
implantation. As observed, the lack of a receptive epithelium to adhere would affect the
apposition and adhesion of the blastocyst. It might be possible that the molecular
characteristics of thendometrial cells could be also affected by this stimulation. It is
unlikely that the treatment of the UH with the TLR 6 agonist could harm the embryos
and could be the reason of embryo implantation loss. A previous report has
demonstrated that the firstimhester trophoblast lack the expression of TLR 6 and
stimulation does not change blastocyst viabiiféyprahams et al. 2008The FRT has

been proved to be sensitive to TLR stimulation in vivo, for example the infusion of LPS
to the murine UH induces a TLR 4 dependent inflammatory pelvic dig8asédon &

M. H. Roberts 2010)It has also been observed that the aistration of i.p. LPS to
mated mice on day 5.5 could increase foetal [@s&be et al. 2011)The atrophic
stroma observed after TLR 2/6 stimulation, would offer a deficsoil for the embryo

to invade and start its development. Similar to this study, it has been observed that
administration of i.p. Poly I:.C, TLR 3 ligand can decrease the implantation rate and
increase the percentage of resorbed embryos by impairmmaltdecidualisation and
spiral arteries developme@i. Zhang et al. 2007Hence the effect of the impairment

of the uterine decidua and stromal cells and maybe also the development of vascular
tissueis likely to be a contributing factor for the increase in embryo resorption observed
in our investigation. a potential reason for the low success rate of implantatfien
embryo transfer is the simple manipulation of the uterine horn or endometrium during
embryo transfer procedures in human or livestock that could damage the Tissue.
damage could induce a sterile inflammatgoyocess by the release of DAMPs
molealles that are also recognized by the TLRs, initiating an inflammatory process and
leading to embryo implantation failure. A potential way of clarifying these effects on
the murine UH and a future scope of our research is to use a TLR6 KO mouse. In this
way we would be able to test the effects of TLR activation on both tissue structure and

embryo implantation.
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Clinically, endometrial TLR 2 might be playing a very important role in the recognition
of pathogenshat cause STDand infertility. The most commobhacterial transmitted
STD caused by the intracellular obligated graegative pathoger€. trachomatis
Chlamydia can cause a cervical infection that if ascends into the ugoércan
generate PIIand infertility (Weiss et al. 2009 Chlamydia can be recognized by TLR 2

in the intracellulainclusions and induce the production of8L({O'Connell et al. 2006)
Furthermorehis recognition and the initiation of the immune responses is dependent on
TLR 2 and not TLR 4 and mice lacking TLR 2 showed a reduced oviductal

inflammation(Darville et al. 2003)

Determining the suitable endometrial conditions for the implantation of the embryo is a
topic uncer constant researghessey 2000; Dimitriadis et al. 2010; Paria et al. 2000;
McEwan et al. 2009; M. Singh et al. 201The correct diagnose of infertility can
increase significantly the success of pregnancy for women with fertility problems and
couples undergoingn vitro fertilisation (VF) treatment. With further research on the
mechanisms responsible for the effects observed here, it would become possible to
design and direct a therapy targeting the endometrial innate immune system to increase
the implantation success. Our data support the importance of TLRs during the time of
implantation suggesting that they could be used as a potential target in management of
infertility cases
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3.1 Introduction

The study of human embryo implantation represents a complicated research area due to
ethical and moral implications. For this reason scientists have developed several
different strategts and models for the study of the human embryo implantation. The use
of primary human endometrial tissue is often employed but the limitation of the lifespan
of the cells, the cellular differentiation that the cells undergo and femalevariation

makes this study more difficult. Many of the studies rely on the use of human cell lines
from endometrium immortaded in different stages of their menstrual cycle so they
keep the characteristics and behaviour of the endometrium like receptive endometrium
(EEC-1, Ishikawa and HES cell lines), noeceptive endometrium (HECA) and
glandular epithelium (RL92 and IshikawajHannan et al. 2010yhe human embryos

are mainly used of in vitro fertgation processes and have a limited access for research.
For this reason human trophoblast cell lines have been developed for research
simulating different trophobst behaviour as syncytiadition (BeWo), migration and
adhesion (AC1MB8, HTR8/Svneo) and invasion (JE& HTR-8/Svneo, JAr and
BeWo)(Hannan et al. 2010)

The selection of the appropriate cell lines is a fundamental issue to be considered due to
the differences in endometrial and trophoblast cell developmental ¢té@@san et al.
2010) In the current investigation, we decided to explore the interactions between
human endometrial cells and trophadts anin vitro model of human embryo
implantation. The endometrium was simulated using the FRL@8Il line which has
been reported to maintain the epithelial pcktion, express adhesion molecules and
microfilaments in the apical surface and beingoesive to hormones and secretion of
cytokines(Way et al. 1983)The breast carcinoma epithelial cells MCF7 were also
employed in our investigations to observe if the trophoblasts were able to interact with
anothe epithelial cell line. MCF7 maintain epithelial cell characteristics and are
responsive to hormonal stimulatifibevenson & Jordan 1997)ence in our study, we
employed them as another hormone responsive reproductive tissue from- a non
endometrial origin.The human embryo was simulated with muakilular spheroids

from choriocarcinoma trophoblast cell line JAr. This cell line has been employed in
different studies for its ability to establish adhesive interactions with endometrial cell

lines in short perids of ceincubation(Thie et al. 1998)
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To complement the set of experiments perfornredivo in the murine implantation
model, we optimized the above mentioneditro implantation model. In this way, we
could assess if the activation of TLR 2 and 2/6 in the endomepitiielial cells can
affect the adhesion of the trophoblast spheroids.

As already mentioned before, the initial recognition of PAMPs is performed by the
TLRs in epithelial cells or leukocyte®imitriadis et al. 2010; Hickey et al. 2011,
Walker et al. 2010)The TLR family of PRRs plays a key role in this recognition for the
initiation of immune response@ickey et al. 2011; Kawai & Akira 2010)The
expression of these TLRs has been assessed before in the human endometrium and a
diversity of endometrial cell linegAboussahoud, Aflatoonian, et al. 20100@)his
expression varies along the menstrual cycle with its highest expression on the late
secretory phas@Aflatoonian et al. 2007)This will prepare a hospitable environment

for the reception of the embryo and its further implantationdavelopment.

In our experiments we simulated the infectious insult by activating TLR 2 and TLR 2/6.
TLR 2 and its heterodimers with TLR 1 and TLR 6 can sense a diversity of pathogens
responsible for STDs lik€. trachomatis, Staphylococcus aurebs gororrhoeae M.
genitalium Candida albicanghospholipomannan dirichomonas vaginalifO'Connell

et al. 2006; Gil & Gozalbo 2006; Fichorova et al. 2006)R 2 and TLR 6 can be
specifically activatedby the diacylipopeptide FSEL (Okusawa et al. 2004)The
activation will trigger a pathway that classically will promote the-ipftammatory

gene expression N& B 0 41 medidtedBrown et al. 2011)

We determined if the activation of TLR 2 in endometrial epithelial cells could interfere
with the binding of humarrophoblast spheroids to the epithelial cells. We optimised
the previously reported model where TLR 5 stimulation also decreased the adhesion of
the trophoblast spheroids to the endometrial ¢allussahoud, Bruce, et al. 201.0a)

Part of he experiments in this chapter has been published in the lpaqaractivation

of uterine toltlike receptor 2 ad 2/6 decreases embryo implantation and affects uterine

receptivity in micdy the journaBiology of ReproductiofSanchez Lépez et al. 2014)
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3.2 Material and methods

3.2.1 In vitro adhesion assay of tropbblast spheroids to the epitheial cell

monolayer
3.2.1.1 Epithelial cell lines culture

a. Human endometrial epithelial cell line RL92

The human endometrial adenosquamous carcinoma cell line {RL@&s obtained

from ATCC and employed to mimic the receptive endometrium. The RL&SIs were

cultured in T75 flasks at 37°C in DMEM/R2 (Sigma) supplemented with 10% of heat
inactivated fed | bovine serum ( B&$;(hunsah geoombinant 5 ¢
insulin from Gibco, cat. No. 1258%14),and 1% l-glutamine (Invitrogen) in 5% CO
atmosphere until confluency. The media was changed every second day till confluence
of the cells. At conflue c e , cells were washeeuffewadt h D
saline (DPBS) (Sigma) and were harvested using 1 ml of tAEISIPA (Sigma). The

cells were incubated for 3 min at 37°C and then pelleted by centrifugation at 300x g for

4 min. Finally, the pellet as resuspended in 3 ml of media and the cells were either
seeded in another T75 flask or any other container for its use. One confluent T75 flask

of RL95-2 cells gives around 1xieells.

b. Breast cancer epithelial cell line MCH

The Michigan Cancer Foundation (MCGF)cells were cultured in T75 flasks at 37°C in
DMEM (F12) (Invitrogen) supplemented with 1% penicillin/streptomycin (P/S)
(Sigma), 10% fetal calf serum (FCS) (Invitrogen), 160 ngiméulin (human
recombinant insulin &m Gibco, cat. No. 1258814),and 1% L-glutamine (Invitrogen)

in 5% CQ atmosphere till confluency. The media was changed every second day till
confluence of the cells. At confluence, cells were washed wifi &z Md¢" free

Dul bec c o6 sbuffered sadine h(BPB8) (Sigma) and were harvested using
trypsinEDTA (Invitrogen), the cells were incubated for 3 min and then pelleted by
centrifugation at 300 g for 4 min. The pellet was washed twice and the cells were
transferred to a T75 culture flask and el culture plates.
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3.2.1.2 Formation of JAr cells spheroids

JAr cells were grown in RPMI 1640 (Sigma), supplemented with 10% FBS, 1% P/S and
1% L-Glutamine in a T75 flask at 37°C in 5% ¢&mosphere. At confluency, cells

were washed with DPBS (Sigma), harvestising TrypsiFEDTA (Sigma) and pelleted

by centrifugation at 300 x g for 4 min. To mimic the blastocyst, multicellular spheroids
were formed from the JAr cells. One million JAr cells were counted with a
haemocytometer and transferred to 5 ml of suppléedeRPMI media in 60 x 15 mm

Petri dishes. The spheroids were formed when the cell suspension was spun overnight
on a gyratory shaker (JKA, MTS 2/4 digital, Staufen, Germany) at 280 rpm in a humid
atmosphere and 5% G@t 37°C. Approximately 2000 spheroiggere obtained per

petri dish (approximately 159 0 0 e m di amet er ) .

3.2.1.3 Adhesion of JAr spheroids to endometrial cells

Fifty JAr spheroids were picked and gently delivered to each well ofwaell2plate

with a confluent monolayer of the epithelial cells. Thesere cocultured in
supplemented DMEMF12 at 37°C and 5% GOAfter coincubation, the initial number

of JAr spheroids was confirmed by visual examination under a stereoscopic microscope.
To remove noradherent JAr spheroids from the epithelial cell mayeis, the 1-2vell

culture plate was washed using a horizontal shaking device (Labman Automation LTD,
Stokesley, UK). The plate was incubated for 4 min at 200 rpm and the media was
discarded. Each well was filled with 1 ml of PBS containing"@ad Md¢* (PBS/Ca

Mg; Gibco Invitrogen; UK) and then set to shake for 4 min at 200 rpm. Finally, the
PBS/CaMg was discarded. The final number of spheroids was counted under the
microscope and the results expressed as the percentage of spheroids from the initial

numler of spheroids counted before washing.

3.2.1.4 Viability assessment of the epithelial cells

The RL952 and MCF7 cells were grown in 4ell plates until total confluence. The
media was replaced with serum free media before they were either activated or not with
PGN and FSLL (Invivogen, Toulouse, France). The cells were harvested with 50 pl of
trypsin EDTA to detach them from the wells, collected in 500 ul of media and pelleted
by centrifuging at 300 g for 5 min. The cells were then resuspended in 200 pl of PBS
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and divided in two 5 ml cytometry tubes. One sample was used as autofluorescence and
the other used stained with propidium iodide (PI; Life technologies, Paisley, UK) 3 uM
and captured immediately. The samples were read in a FACSCalibur cytometer (BD)
captuing 1x1d events and the percentage of Pl positive events (death cells) was

registered. The results are expressed as percentage of live cells.

3.3 Experimental design

3.3.1 Standardising the JAr spheroid formation

To create multicellular spheroids from the monelayJAr cells we used a previously
reported method in which 2x16ells were cultured in a spinngiohn et al. 1993; Hohn

et al. 2000) To standardise the method and assess if the performance could be
increased, different amunt of cells were counted with Haemocytometer (2x5810

and 1x16 cells). The cells were seeded in 5 ml of RPMI 1640 media in 60 x 15mm
Petri dishes (CellStar tissue culture dishes, greinelob& GmbH/Germany). They
were incubated overnight a humid atmosphere containing 5% ¢@t 37°C on a

gyratory shaker, set at 250 rpm.

3.3.2 Influence of the number of JAr spheres on the adhesion percentage to

the MCF7 monolayer
To find out if the initial amount of JAr spheroids delivered to the epithelial cells
influenced final number of spheroids attached to the epithelial cell monolayer,-we co
cultured 10, 30, 50, 100 and 300 JAr spheroids with the confluent MCF7 cells at 37°C
for 24h. Plates were washed mildly and the number of spheroids attached was counted
under thefluorescence microscope
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3.3.3 Effect of the activation of endometrial TLR 2 and TLR 2/6 on the

adhesion of trophoblast spheroids

3.3.3.1 Adhesion of trophoblast spheroids to epithelial cells treated with different
concentrations of TLR 2 and TLR 2/6 ligands

To determine whether TLR2 and TLR 2/6 activation is affecting the trophoblast
adhesion to the endometrium; we evaluated the effect of different concentrations of
PGN and FSEL on the endometrial epithelial cells in vitro. The RiB%and MCF7

cells were grownin 12-well plates until confluency. The media was replaced with
serum free media before they were either activated or not with PGN and FSL
(Invivogen, Tolouse, France). Then the epithelial cells were stimulated with different
concentrations of PGN (0,5 10 and 2 0-1(8,d,/10rend 10®ng/mlFf& R4

h. JAr spheroids were delivered on the confluent monolayers amtwoated for 1h.

Adhesion was assessed as described.

3.3.3.2 Adhesion of trophoblast spheroids with stimulated endometrial epithelial
cells at different time intervals

To understand if the duration of the-icmwubation affects trophoblast binding to
endometrial cells, the epithelial cells were-pr@ cubat ed wi th 10 &g/
ng/ml of FSI:1 for 24h. There after 50 JAr spheroidere delivered on the confluent
epithelial cell monolayers in 3®ell plates and cincubated for 0.5, 1, 2 or 4 h. The

adhesion was assessed as described before.

3.3.3.3 Effect of the inhibition of endometrial TLR activation on trophoblast

spheroid adhesion

To urderstand the effect of TLR2 inhibition in endometrial cells on trophoblast spheres
binding to endometrial cells, the epithelial cells were eithettnaieed or not with a
monocl onal antibody against TLR2 (2 €g/ m
or antrTLR6 monoclonal antibody (mouse IgG1, 10 ng/ml, Invivogen, r&l§) 1 h
before the additi on-1@ang/RIGéspectitely. Aftey 24mI5) or
JAr spheroids were delivered on the monolayer anthagbated for 30 min. Noen
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adherentspheroids were removed and the percentage of adhered spheroids was

determined.

3.3.4 The effect of TLR activation on the viability of the epithelial cells

To determine whether TLR 2 and TLR 2/6 activation is affecting the viability of the
epithelial cells; we treated the cells with different concentrations of PGN and..FSL
The epithelial cells were then stimulated with different concentrations of PGNX0, 5,
and 20 ¢ g-1 0, Y00 and 206 i®yIml) for 24 h. The viability of the cells was
verified by PI staining in the FACS Calibur cytometer.

3.3.5 Statistical analysis

The results were expressed as mean + SEM. Statistical analysis was performed using
Stdistica (V7; Statsoft UK, Letchworth, UKRelationship between the initial numbers

of spheroids cancubated and the final number of spheres adhered was performed with
a linear regression analysigdultiple groups were compared with a eway ANOVA

and aBonferroni multiple comparison petdst. The effects of FSL and PGN
treatments on the e@acubation kinetics were compared with a tway ANOVA test

and a Bonferroni pogest to compare effects between sspimulated control and
treated cells. ®0.05was considered to be significant.
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3.4 Results

3.4.1 Standardizing the JAr spheroid formation

The method for spheroid formation was tested previously in the lab. We standardise the
process in order to characterize and optimise the spheroid fonmatthod for the
following experiments. The initial results varied from huge amorphous cell clusters
measuring more than 1 mm to spheroids with a constant shape in betwezb2D0 ¢ m.
Different amount of trophoblast cells seeded in each petri dish wasd to be crucial

for obtaining homogeneous spheroids. In figure 3.1a it can be observed that by using
2x10 cells we obtained small sized spheroids (betweenll800 ¢ m) . When t h
of cells used was increased to 5xlibe spheroids obtained were dgg (between 150

200 em) (Fig. 3 . f by cells, Rve obtaih b gonstarst sphegoid $ize 1 0
between202 50 em (Fig. 3. 1c) .°JAnels dheudde usddine d t
the spheroid formation process.

3.4.2 The effect of trophoblast sphere oncentration on the number of
spheres attached to the endometrial monolayer

The number of spheroids bound to the endometrial cells increased propbytioritak

amount of spheres deliveré? = 0.9991; p< 0.0001) We observed that even 300

spheroids, he highest amount of spheroids delivered, could still adhere to the

monolayer (287.2 + 1.74 spheres; Fig. 3.2).
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Figure 3.1. Standardisation of the JAr spheroid formation.The method for the formation of spheres was
standardised by analysing the effect of the incubation of a)°2&18x1G and c) 1x18JAr cells on the number, size
and shape of the spheres. The spheres were stained with calcein to observe the viable cells under the fluorescent

microscope.
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Figure 3.2. Effect of the initial number of JAr spheroids caincubated, on their adhesion to the MCF7 cells.
Different numbers of JAr spheres (10, 30, 50, 100 and ®@@eco-incubated withthe MCF7 monolayer. The final
amount of spheres attached to it is shown in the graph per initial numbpheres delivered linear regression
analysis was performed where tGe0.9991.
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3.4.3 The activation of epithelial TLR 2 and TLR 2/6 decreased the
adhesion of trophoblast spheroids in vitro regardless of the eo

incubation time

The trophoblat spheroids adhered to the cells as soon as 30 min after their introduction
to the wells and this adhesion was always higher in the RL&HIs (63.4 + 4.38% and
37.35 + 3.02% to MCF7 cells). The effect of the treatment of the epithelial cells with
100 rg/ml of FSL:1 for 24 h on the adhesion of the JAr spheroids was significant for
RL952 (p < 0.0022) and MCF7 cells (p < 0.0001) as well as the effect of the co
incubation time (p < 0.0001 for RL95 and p < 0.0001 for MCF7). The FSL
stimulation was constent throughout the time as no interaction was observed in both
cell lines (p = 0.6473 for RL93 and p = 0.8718 for MCF7 cells; Fig. 3.3a and b). The
JAr spheroid adhesion was found significantly different between thesthmonalted
control and FSEL stimulated MCF7 cells at 30 min (37.35 + 3.02 vs 26.56 + 2.59%, p
<0.01) and 4 h (73.01 £ 2.23 vs 62.28 £+ 2.053%, p < 0.01). The treatment of the cells
with PGN was also consistent throughout the stimulation time as no interaction was
observed (p = 0.5527 fdRL95-2 and p = 0.5663 for MCF7). We observed a significant
ef fect of the treatment of the cell s wi
spheroids adhered in both RL:29p < 0.0001) and MCF7 cells (p < 0.0001). The effect

of time on the adhesion olfi¢ spheroids was also found to be significant in both cell
lines (p < 0.0001 for both RL93 and MCF7; Fig. 3.3a and b). The adhesion of the JAr
spheroids to the nemmeated RL9E cells differ significantly from the PGN treated cells

at 1 h (73.79 £ 2.85s 64.1 + 3.9, p < 0.05) and 2h of-eubation (89.05 + 2.02 vs
76.39 = 2.54, p < 0.01). The same effect was observed in the MCF7 cellsat 1 h (73.01 +
2.43 vs 67.95 + 3.23, p < 0.05) and 2 h cirmaubation with the JAr spheroids (84.19 +
3.11vs 71.34 4.26, p < 0.01).

3.4.4 Trophoblast spheroid decreased adhesion to the epithelial monolayer
proportionally to the TLR ligand concentration
The 24h stimulation of RL92 and MCF7 cells with 100 and 200 ng/ml of FEL

(68.11 £ 4.83 and 61.07 £ 4.52 % for RL95 and 41.66 = 2.82 and 40.21 = 3.36 % for
MCF7)
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significantly decreased the adhesion of the JAr spheroids to the monolayer compared to
the nonstimulated control (83.46 = 2.685 %, p = 0.0012R&95 and 58.58 + 2.43 %,

p = 0.0002 for MCF7) after one hour of-crubation (Fig 3.4a and b). A similar effect

was observed with PGN stimulation. The REBFPGN stimulation with 20 pg/ml
significantly decreased JAr spheroid adhesion compared to thetimudated control

(57.09 + 3.83 vs 72.92 + 3.74 %, p = 0.0435; Fig. 3.4a). In MCF7 5, 10 and 20 pg/ml of
PGN significantly decreased JAr spheroid adhesion (57.05 + 3, 47.04 £ 1.23 and 50.19
*+ 2.86 % respectively) compared to the sbimulated control (625 + 2.71 %, p =
0.0001; Fig. 3.4b).

3.4.5 The pre-treatment of the epithelial cells with TLR blocking antibodies

could restore the spheroid adhesion

Furthermore, we confirmed the specificity of the TLR effect by blocking their activation
with monoclonal antibdies. The préreatment with a monoclonal aiiLR 6 antibody
followed by FSI-1 stimulation, restored the percentage of adhered JAr spheroids to
RL952 cells (59.71 + 1.91%) and MCF7 cells (30.70 + 4.54%) compared to non
treated cells (63.26 + 2.74% and.83 + 4.087% respectively; Fig. 3.5a and b). The
pretreatment of the epithelial cells with a monoclonal -ditR 2 blockingantibody
before the PGN stimulation, allowed JAr spheroids to adhere to the monolayer to
similar levels (58.15 + 4.14% for RL95 and 33.15 + 4.44% for MCF7) to those
observed in the nestimulated control (61.81 + 2.65% for RL-:25and 35.01 + 3.78%

for MCF7; Fig. 3.5a and b). The treatment with the antibodies did not show an effect on
the adhesion of JAr spheroids to the monolaggndi TLR 6: 63.35 + 2.48% for RLS5

2 and 33.08 * 4.28% for MCF7; Anti TLR 2: 61.96 + 3.25% for R29&nd 36.72 +
2.45% for MCF7) whereas the stimulation with FEland PGN decreased significantly
the adhesion of the JAr spheroids (FBL45.70 + 1.91%, = 0.0001 for RL9& and

18.20 £ 3.66%, p = 0.0004 for MCF7; PGN: 45.34 + 3.51%, p = 0.0001 for-R=8tl

24.00 + 2.87%, p = 0.0001 for MCF7).
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3.4.6 The viability of the epithelial cells was unaltered after TLR activation

The stimulation oftie RL952 and MCF7 cells with both FS1. and PGN did not affect
the viability of the cells. Around 90% of the netimulated cells remain viable after
harvesting from the wells. The viability of the cells stimulated with-BESir PGN was
also around 90% dhe total population (Figure 3.6).
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3.5 Discussion

The establishment of a correct materaalbryo interface is crucial for the implantation

and development of the embryo. Several factors as hormones, cytokines, growth factors
and adhesion molecules must be regulated perfectly to set the appropriateneswiron

for the implantation of the embry@aria et al. 2000; McEwan et al. 200B)s possible

that the presence of pathogens in the endometrium, sensed by the endometrial epithelial
TLRs, influence the establishment of the suitable implantation cond{#dmissahoud,

Bruce, et al. 2010a)

Previously in our research group, it has been identified that the epithelial endometrial
cells can express the TLRs differentially througk #RT (Fazeli et al. 2005)This
expression is regulated by the menstrual cycle with an increased expression of TLRs 2
6, 9 and 10 during the secretory phéstatoonian et al. 2007)Also, we characterised

that the immortalized endometrial epithelial cell lines Ishikawa and Ishikaw&23H
express TLRs-B and 59 and havdunctional ativity (Aboussahoud, Aflatoonian, et al.
2010b) To assess the role of the innatariune system in the implantation process of
the embryo, am vitro assay was developed. It proved that the flagellin, ligand of TLR

5 negatively influenced the attachment of the trophoblast spheres in the endometrium
(Aboussahoud, Bruce, et al. 2010m) this chapter, we optimised the model to continue
the exploration of innate immunity in the fem@lembryo interface. By optimising the

cell concentration assays we have found that the variation of the cell number seeded in
the petri dish influences sphere morphology. This optimised method makes the

collection of the spheres easier and the type of sphere homogeneous.

The study of human embryo implantation is difficult to perfamvivo. Thus,in vitro

models have been developed. The selection of the appropriate cell lines is a
fundamental issue to be taken into acco{idnnan et al. 2010)We simulated the
endometrium with the RL93 cell line. This cell line has been proposed for the study of
the embryo implantation due to its ability to maintain the epithelial zatéon,
expression of adhesion molecules in the apical surface, presence of microfilaments on
its apical membrane, responsiveness to hormones and secretion of cytdkimest al.

2000; John et al. 1993The embryo was represented by cellular spheroids from a

choriocarcinoma trophoblast cell line JAr, were formed to mimic the embryo contact
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with the RL952 cells. JAr cells have been described betwean invasive trophoblast

cell line that can be used for migration ass@ylannan et al. 2010)it has been
demonstrated that they can interact with different endometrial cell lines and establish
adhesive interactions in short periods ofimcubation timegThie et al. 1998) The
percentage of spheroids adhered increased proportionally with time, as observed
previously(Hohn et al. 2000; John et al. 1993he JAr cells have been described as a
very invasive choriocarcinoma cell lirfelohn et al. 2000)The interaction of MCF7

cells with first trimester placental explants has been observed before. The trophoblast
explants affected MCF7 proliferation and induced apgiptm long ceincubation times
(TartakoverMatalon et al. 2010) Our experimentsnvere carried out in short €o
incubation times where we were able to observe adhesion of trophoblast to both
epithelial cells. Nevertheless a better interaction was observed with the endometrial
cells as trophoblast cells adhered to them in a higher gageemand faster than the
MCF7 cells.

The kinetics of adhesion between the RiDbells and the JAr spheroids showed that
more than the 60% of the spheres were already adhered to the monolayer after-1 h of co
incubation with a gradual increase in the petage of adhesion in a tinteependent
manner up to 4 h. These results are similar to those observed previously where JAr
spheroids adhere in similar percentages to R29Bells (Hohn et al. 2000;
Aboussahoud, Bruce, et al. 2010a; Johal.e1993)

It is important to take into account that TLR2 is a particular receptor of the TLR family.
It can form homodimers and heterodimers with either TLR1 or TLR6. This increases
the range of ligands that TLR 2 can recognise, ranging from bad&&téd to diacyl and
triacyl lipopeptides(Schwandneet al. 1999; Yoshimura et al. 1999; Takeuchi et al.
1999; BuwittBeckmann et al. 2005; Kang et al. 2009p assess if the activation of
TLR2 and the heterodimer TLR2/6 could influence the adhesion of the spheroids, the
RL95-2 cells with FSE1 and PGNFSL-1 is a synthetic diacyl lipopeptide based in the
Mycoplasma salivariunipoprotein that signals specifically through TLR Zhibata

et al. 2000) Activation of TLR 2/6 by FSt1 and TLR2 byPGN decreased the number

of attached spheroids to the endometrial monolayer at -@fiotdation times. Initially,

this effect was concentration dependant but no further decrease in the percentage of

adhered spheres was observed when-ESbncentration waincreased beyond 100
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ng/ml. The reason why no further effect is observed is not clear but it could be related to
saturation of TLR 2 receptors or any of the signalling molecules involved in the

pathway.

To confirm the specificity of TLR 2/6 and TLR 2 ropetitive inhibition assay was
performed using TLR 6 and TLR 2 blocking antibodies. TLR6 blocking antibody
restored the ability of the JAr spheroids to bind to both-ESdnd PGN stimulated
RL952 cells. TLR2/6 functionality is dependent on the dimerisatand the
recognition of the ligand by both TLRs. If one of them is absent, then the activation by
the diacylated lipopeptides will not occ(Buwitt-Beckmann et al. 2005; Kang et al.
2009) The innate immune system can use another set of receptors to sense PGN like
Nod2 (Muller-Anstett et al. 2010)In our study we showed the specificity of
endometrl cells TLR 2 activation by PGN and how this activation reduce the adhesion
of the JAr spheroids in the endometrial monolayer by blocking TLR 2 with a specific
function blocking antibody. This restored the ability of the JAr spheroids to bind to the

monohyer.

Several studies have stressed the importance of TLRs during implantation and
pregnancy. For example, the activation of TLR5 in epithelial cells decreased trophoblast
cell adhesion to epithelial cells vitro (Aboussahoud, Bruce, et al. 2010B)fferent
reports have shown that the stimulation of different TLRs in the FRT, such as TLR4,
TLR3 and TIR9, produced implantation failure, fetal losses and preterm delivery using
in vivomice modelgSheldon & M. H. Roberts 2010; Koga et al. 2009; Kvi@in et al.

2010; Friebe et al. 2011k seems that the activation of TLRs will have drideental

effect on implantation. But it is not clear how TLR activation can influence endometrial
receptivity and if this effect is extended to the embryo. For example, it is known that
after activation, TLRs trigger a sequence of downstream signallegtethat leads to
NFFed and MAPK acti vat i einflammatary cytdkieeglsere&tr et i
al. 1999; Mele & Madrenas 2010; Q. Wang et al. 2001; Xu et al. 28@hye of these
cytokines are also involved in the modulation of endometrial receptivity by regulating

the expression of several adhesion molec{iNesSingh ¢ al. 2011)

Determining the suitable endometrial conditions for the implantation of the embryo is a
topic under constant resear@lessey 2000; Dimitriadis et al. 2010; Paria et al. 2000;
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McEwan et al. 2009; M. Singh et al. 201The correctdiagnose of infertility can
increase significantly the success of pregnancy for women with fertility problems and
couples undergoing IVF treatment. With further research on the mechanisms
responsible for the effects observed we could possible design eed ditherapy

targeting the endometrial innate immune system to increase the implantation success.

Dealing with the course of an infection in the reproductive tract represents an energy

expenditure that the mother must invest. Allowing the developmeart embryo at the

same time represents an extra investment of energy and a great risk for both the mother
and the embryo. It might be possible that the recognition of the pathogens through the

endometrial TLRs induce a whole range of changes of phenotgpe 4 receptive

endometrium to a nereceptive and defensive endometrium.

In the previous chapter, we have demonstrated that the activation of TLR 2/6 in the
murine UH results in tissue atrophia and induction of aipifammatory cytokine
environment. Thse effects might be responsible for the decrease in embryo
implantation. Using thén vitro human trophoblast adhesion model, we demonstrated
that the presence of PGN or F&[L.both components of Grapositive bacteria, at the

time of implantation results a significant decrease of JAr spheroids adhesion to the
endometrial cells. This effect seems to be mediated through, TLR2 dimer and TLR2/6
heterodimer. Their inhibition restored the adhesion of JAr spheres to normal levels. In
conclusion, our data supp previous studies regarding the importance of TLRs during
the time of implantation suggesting that they could be used as a potential target in

management of infertility cases.
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4.1 Introduction

One of the main characteristics of the female reproductive tract (FRT) cells is their
plasticity to respond to the hormonal changes along the cycle. Endometrial stromal
fibroblasts and epithelial cells at the late secretory phase will proliferate andechang
their respective phenotypes to prepare the tissue for the possible implantation of an
embryo(T. C. Li et al. 1991)At the arrival of the developing embryo to the uterus, the
endometrial epithelial cells will have the first encounter with the embryonic trophoblast
cells. The success of this event determines theilplitys of implantation and
pregnancy. Micrestructural analysis of the endometrial cell morphology has
characterised the development of microvilli and pinopodes on the surface of
endometrial cells at the time of implantatiMore & R. G. R. Masterton 1975 hese

are membrane microstructures that aequired for a proper interaction between
endometrium and trophoblagetersen et al. 2005; Beriry et al. 1999)

The atomic force microscopy (AFM) is a powerful tool that allows investigation of the
surface ultrastructure of virtually any compound. AFM gamovide information
regarding the atomic composition, sample structure properties and even the forces of
structural bonding in the same molecular structure and between two different interacting
bodies(Binnig et al. 1986)The initial design of the AFM was used to image molecular
structures of solid materials like inorganic compounds, alloygnpeis, minerals and
metals (Giessibl 2003) In biological research, AFM has been employed to study
structures of biomolecules such as nucleic acids, proteins, lipid bilayers or membranes,
cells and bacterial wall§&Santos &Castanho 2004; Alonso & Goldmann 2008ksing

the particular features of AFM, it has also been possible to measure interaction forces
between a cell fixed on a cantilever with another cell or a solid substrate such as
extracellular matrix proteingBenoit et al. 2000) AFM can be used to observe
microstuctural characteristics of cells without the complicated procedures used for
sample preparation by electronic microscopy. For example, it was possible to detect the
presence of microvilli and cytoskeletal proteins in the images of fibroblasts obtained by
AFM with the same precision obtained with electron microsddget et al. 1998)

The membrane microstructure of the endometrial cell lines Ishikawa;IsE€hd 1b

has also been imaged by AFM before. In this study, it was possible to characterise the

influenceof progesterone on the cell membrane acquisition of microstructures such as
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microvilli and pinopodegFrancis et al. 2009)The presence of these structures on the
endometrial cells is related to the acquisition of a receptive morphology necessary for

the implantation of the embry&rancis et al. 2009)

The cell membrane is a dynamic organelle that compartmentalises the cell and preserves
the cellular internal structure and content. It also mediates the social interaction of the
cells regulatinghe localisation of the necessary proteins for intercellular adhesion. The
endometrial epithelial cells will form a monolayer of polarised cells tightly bound to
each other. It is during the late secretory phase that their phenotype will change. They
will express a subset of glycans, integrins, selectins, cadherins among other molecules
to mediate their adhesion with the trophoblast cells of the blast@@gstpbell et al.

2000; H. Singh & Aplin 2009)it is possible that the lack of one of thesdenoles may

affect the quality of endometrial interaction with the embryonic ¢alidin & H. Singh

2008) For example the endometrium of ipats with unexplained infertility have been

found to have a lower expression ofSelectin ligandgMargarit et al. 2009) The
characterisation of the expression of a subset of surface molecules by endometrial cells
has been performed loe€ trying to detect a surface marker necessary for embryo
implantation(T. C. Li et al. 1991; Dominguez et al. 2018¢cording to this stdy, the
surface molecules integrin b1, cCbh147, C
primary and immortalised cell lines originated from endometrium. The integrins are
transmembrane heterodimeric proteins com
celular and extracellular matrix (ECM) interactiofiddore & R. G. R. Masterton 1975;

K. V. R.Reddy & Mangale 2003 high expression of different subsets of integrins in
the endometrium |ike U1b1 and Uvb3 has b
hence they have been related to the endometrium plasticity to change and allow the
implantation of the embry@Petersen et al. 2005; H. Singh & Aplin 2009; Bethtay et

al.1999) b1l integrin has a possibility to d
This grants a good heterogeneity of potential ligands from E@Nkips like type |
collagen, fibronectin and laminin (U1, U
time of implantationBinnig et al. 1986; Lessey 1998h fact the treatment of human
endometri al deci dual cells with a bl bl
murine hatched blastocyst but decreased their spreading capacity leading to embryonic
death(Shiokawa et al. 1996 Another membrane bound protein that has been associated
with the implantation pross is thecluster of differentiation (CD147 molecule also
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called Extracellular matrix metalloproteinase inducer (EMMPRIN) or basignin. CD147
has been found to be expressed in the endometrial stroma and epithelium surounding the
site of embryo implantato in mouse and rat. This expression might facilitate
trophoblast migration through the stronfXiao, Diao, et al. 2002b; Alonso &
Goldmann 2003; Xiao, Chang, et al. 20028)D147 has a physiological role of
inducing the expression of matrix metalloproteinases (MMPs) during tissue remodelling

in development and tissuepiaar (Yurchenko et al. 2010)ts expression facilitates the
migration of the metastatic cells in endométgarcinoma mediating the secretion of
MMP-2 and MMR9 (K. Nakamura et al. 2012)CD9 is a member of the tetraspanin
membrane proteins. Its expression has been observed to be constant along the menstrual
cycle in the human endometrium forming clusters t h  t h e, izan @@d@kj ns U
Inoue, Ueda, Hirano, Higuchi, Maeda, et al. 2000B6P9 seems to regulate the
migration of cells through the endometrial epithelium. It has been demonstrated that the
inhibition of CD9 with a specific antibody enhanced murine embryo implantétian

et al. 2006)and the migration of endometriahmcer cellsn vitro (Pak, Inoue, Ueda,

Hirano, Higuchi, Konishi, et al. 2000afD98 is the heavy chain of the heterodimeric
amino acid transporter (HAT). In this function, CD98 has been linked with the adhesion
capacity of integrins | i kainimbaktinricG Bodnairiss | o
such as microfilaments and is associated with CD147 and CD98 to aid cellular adhesion
l'inking b1l and b3 i nt gfplaVahlés ettalo2006;dacan@et p a n
al. 2007) In the endoratrium, CD98 expression is increased at the late secretory phase
induced by hormonal stimulation of the endometrial cAlleminguez et al. 2010)

These multiproten complexes might have the possibility to mediate the adhesion of
trophoblasts to the endometrium epithelial cells and facilitate the implantation and

invasion process of the embryo.

The Tolklike receptors (TLR) are a family of pattern recognition remep{PRR) of the

innate immune system that recognise pathogen associated molecular patterns (PAMPS)
of bacterial, viral or parasite origifikawai & Akira 2010) They are present in almost

all the tissues of the body and expressed cyclicaly in the female reproductive tract
(Fazeli et al. 2005)Upon their ligation with specific PAMPs, they initiate a signalling
network that classically activates the nuclear factor{dl 8 or a net wor k r
the mitogeractivated protein kinase (MAPKBrown et al. 2011)In previous reports
originated from our laboratory, we have demonstrated that the activation of endometrial
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TLR 5, 2 and 6 can impair trophlaist adhesioim vitro and TLR 6 activation affect the
implantation of murine embrya vivo (Aboussahoud, Bruce, et al. 2010a; Sanchez
Lopez et al. 2014)The exact mechanism that activation of TLR would lead to faulty
trophoblast/endome#l interactions is unknown. In the present investigation, we
speculated that TLR stimulation could interfere with the acquisition of the cellular
morphology and membrane protein profile necessary for establishing a proper contact
between endometrial cellgith the embryoln order to do this, & employed AFM to
image the endometrial cell membrane ulttaicture and observe if the TLR stimulation
elicited any changes. Using an antibody panel of 22 different surface molecules related
with cell adhesion weried to characterise the membrane profile of three different
endometrial cell lines (Ishikawa, Ishikawa -32 and RL952) and a breast carcinoma

cell line (MCF?7).
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4.2 Materials and methods

4.2.1 Cell culture and samplepreparation

4.2.1.1 RL95-2 cells

The human endometrial adenosquamous carcinoma cell line {RL@&s obtained

from ATCC and employed to mimic the receptive endometrium. The RL&HIs were
cultured in T75 flasks at 37°C in DMEM/R2 (Sigma) supplemented with%0of heat

i nactivated fetal b ovi n énsulsydhumam re¢omiBn@nt S
insulin from Gibco, cat. No. 1258%14),and 1% l-glutamine (Invitrogen) in 5% CO
atmosphere until confluency. The media was changed every second day till confluence
of the cell s. At confluence, c e-buffesed wer e
saline (DPBS; Sigma) and were harvested using 1 ml of tRERIRA (Sigma). The

cells were incubated for 3 min at 37°C and then pelleted by centrifugation at 300x g for
4 min. Finally, the pellet was resuspended in 3 ml of media and the cells were either
seeded in another T75 flask or any other container for its use. One confluent T75 flask

of RL95-2 cells gives around 1xieells.

4.2.1.2 Ishikawa cells

The human Asian endometriatienocarcinoma cell line Ishikawa was cultured in T75
flasks at 37°C in MEM (Sigma) supplemented with 10% of FBS (Sigma) and-1% L

glutamine (Invitrogen) in 5% CO2 atmosphere until they reached total confluence.

4.2.1.3 Ishikawa 3H-12

The human Asian endometradlenocarcinoma cell line Ishikawa 32 was cultured in
T75 flasks at 37°C in EMEM (Sigma) supplemented with 10% of FBS (Sigma) and 1%
L-glutamine (Invitrogen) in 5% CO2 atmosphere until they reached total confluence.

4.2.1.4 MCF7 breast carcinoma cells

The MCF7 cell line was employed as an epithelial cell line from -eadometrial
origin. The cells were cultured in DMEM/R2 supplemented with 10% of heat
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inactivated FBS (Sigma), 160 ng/ml Insulin (Gibco), and 1%lutamine (Invitrogen)

in 5% CO2 atmosphere untdtal confluence.

4.2.2 Analysis of RL952 endometrial cell morphology by atomic force

microscopy

4.2.2.1 Fixation of the cells for AFM

The RL952 cells concentration was adjusted to 5xtells/ml and 1 ml of cell
suspension was seeded in each well of a 4 well chasiidle (BD Biosciences, Oxford,

UK). The cells were cultured for a couple of days, until they regained the epithelial
morphology and started spreading on the slide. Cells were rinsed twice with PBS for 5
min. They were fixed using 3% glutaraldehyde inathlate buffer 0.1M for 10 min and
rinsed with deionised water for 10 min. The cells were then dehydrated rinsing them in
serial steps of ethanol (70, 85, 95 and 100%) for 5 min each. Finally the cells were
rinsed with HDMS (hexamethyldisilazane) for 5 naind dried at room temperature for

20 min(Francis, Lewis et al. 2009

4.2.2.2 Cell imaging by atomic force microsopy and analysis

Fixed cells were imaged using a Dimension 3100 AFM with Nanoscope IV controller
(Bruker Ltd.; Coventry, UK). Ten individual cells were selected using the integrated
optical microscope by their appearance. A good cell for imaging hadcaltypithelial
morphology i.e. being spread and having a stellate shape. The stacked cells were
avoided as the height of the cells may affect the cantilever movements during scanning.
Measurements were performed in air tapping mode using standardonduwtive

silicon probes (With nominal spring constant of 40 N/m, Bruker Ltd). The scanning
parameters were 30 em in size, 512 sampl

height and phase data were collected from each scan.

The free software Gwyddiof Ne| as & K| wgsaisee to cazry dul the
analysis of the AFM images of the endometrial cells. The maximum height of each cell
was determined using the measuring tool. The root mean square roughfigsvéRie

was obtained by tracing a line over the transversal segment of each cell. To be able to
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distinguish the micretructural details of the membrane from the overall shape of the
cell, a cutoff value of 0.03 was set to obtain the waviness of the membrane
(micrometric irregularities of the membrane profile). A-offtvalue of 0.09 registered

the roughness of the membrane (irregularities of nanometric size like micr¢{illi)
Antonio et al. 2012)Three random sections were obtained from each cell by cropping
an area of 5 em. Cell height, waviness a

section of the cell to have arstent measure along the whole cell (Fig 4.1).
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Figure 4.1. Analysis of the cell membrane characteristics using GwyddioriThe RL952 cells were fixed and

imaged using intermittent catt mode atomic force microscopy. The height image was obtained and the profile of
the membrane measured tracing a line across the cell. The waviness and roughprgse(R determined using the

cut-off values 0.03 and 0.09 respectively (a). To estimatensistency of these values in the same cell, two random
sections of 5x5 um were cropped (b). A diagonal line was traced along the new sections and the waviness (c) and
roughness (d) estimated.
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4.2.3 Flow cytometry analysis of the endometriacell surface
4.2.3.1 Sample preparation for flow cytometry

a. Preparation of the samples

The cells were cultured to complete confluence, subcultured and® tell® were
transferred per well of a 6 well plate. Thereafter the cells were grown to total
confluence antharvested using trypsiBDTA (Sigma) at 37°C for 3 min and diluted in

1 ml of PBS. Cells were pelleted by centrifugation at 300 g for 4 min and resuspended
in1mlof PBS. 1x1dcel | s were incubated with 50
antibodies (5810e g/ ml ) for 30 min (Table 4.1). The
hybridoma cell lines and were received as a kind gift of Dr. Maria Y&ftez
(Membrane Microdomains in Immunity Laboratory, Instituto de Investigacion Sanitaria
Princesa, Madrid, Spain) drwere used as described befgie C. Li et al. 1991,

Barreiro et al. 2005; Yanevo et al. 1998) The myeloma protein pX63 (IgG1 kappa)

was used asotypecontrol. Cells incubated Wi different antibodies were rinsed in 100

e | of PBS, centrifuged at 300 g for 4 m
pell eted cells resuspended in 50 ¢l of
secondary antibody (Polyclonal rabbit ambuse 1gG, Dako, Cambridge, UK) and
incubated for 30 min. Cells were rinsed and pelleted as before and resuspended in 100
el of PBS.

b. Analysis by flow cytometry

The stained cells were analysed using a FACSCalibur (BD Biosciences) cytometer. The
main cellpopulation (live cells) was gated and 1%&¥ents were recorded per sample
(Figure 4.2). The FITC tagged antibodies were excited using the 488 nm laser and the
emission signal recorded using the FL1 detector (530 nm). The mean intensity of
fluorescence (M) was recorded and used for the analysis of the expression of the

selected proteins.
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4.3 Experimental Design

4.3.1 Assessment of the FSI1 stimulated endometrial epithelial cell

membrane morphology alterations by atomic force microscopy

4.3.1.1 Imaging of the RL95-2 cdls stimulated with FSL-1

To assess if the activation of TLR 2/6 can modify the RR9&Il morphology, we
studied the microstructure of the cell membrane by AFM. The RL&é&lls were grown
in chamber slides. The cells were stimulated with 100 ng/mlec§yinthetic diacylated
lipoprotein FSL1 (InvivoGen, Tolouse, France) for 24 h. The cells were fixed, imaged

and analysed as described above.

4.3.1.2 AFM imaging of the kinetics of stimulation of RL95-2 cells with FSL-1

Once we observed that the stimulation wilbS-1 induced microstructural changes in

the membrane, we studied RL25 cells responses after different intervals of
stimulation. The RL92 cells were cultured in chamber slides and stimulated with 100
ng/ml of FSL:1 (InvivoGen) for 30 min, 1, 2, 4, 8 dr24 h. The cells were fixed,
imaged by AFM and analysed to obtain the height, waviness and roughness of the cell

membrane.

4.3.1.3 AFM imaging of the Poly I:C stimulated RL95-2 cells

To verify if the changes observed after TLR 2/6 stimulation could be indubed w
another TLR was activated, the RL:9%ells in chamberslides were stimulated with 100
ng/ml of Poly I:C (Ligand for TLR 3, InvivoGen) for 1, 2 and 4 h. The cells were fixed,
imaged by AFM and analysed to obtain the height, waviness and roughnessef the

membrane.

4.3.1.4 AFM imaging of the RL95-2 cells treated with the inhibitor of NFa B

activation

To assess if the inhibition of N& B , one of the main mediat
pathways could block the effects of F&lon the cell morphology, the RLZ5cells in
chamber slides were pteeated withBay 17 082 10 &M (1 aBU inhi |
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for 1 h and followed by the treatment with 100 ng/ml of AS{InvivoGen) for 4 h. The
cells were fixed, imaged by AFM and analysed to obtain the height, wavarebs
roughness of the cell membrane.

4.3.2 Profiling the cell surface proteins by flow cytometry

4.3.2.1 Screening of the epithelial cells for surface marker expression

The epithelial cells Ishikawa, Ishikawa 32 and MCF7 were grown in 6 well plates
until confluerce. The cells were then processed as described above to assess the level of

expression of 22 different surface proteins (Tahl8.

4.3.2.2 Cell surface protein expression after TLR stimulation

The epithelial cells were grown in 6 well plates until confluefideereafter, the cells
were stimulated with the ligands for TLR 2/6 (F$L100 ng/ml), TLR 3 (Poly I:C, 10
eg/ ml), TLR 5 (Flagellin 100 ng/ ml), TLR
for 4 and 24 h. The cells were then processed as described befassess the

expression of surface proteins using a panel of different antibodies.

4.3.3 Statistical analysis

The data were expressed as mean + standard error of the mean (SEfidjical

analysis was performed using Statistica (8#@tsoft UK, Letchworth, UK). The effects
of FSL-1 and Poly I:.C cell stimulation on the -gzcubation kinetics were compared
with a twoway ANOVA test and a Bonferroni petdst to compare effects between

nonstimulated control and treated celR O 0.05 was considered to be significant.

11¢€



Table.4.1. Antibody panel for flow cytometry analysis of the epithehl cells.

Protein detected (antigen) S:)br:iedgg]rie
1 Isotype control IgG1 pX63
2 bl Integr TS2/16
3 U1 Integr TS2/7
4 U2 Integr Teal/4l
5 U3 Integr VJ1/6.1
6 U4 Integr HP1/7
7 U5 Integr P1D6
o | e e | s
9 Differerztci:asi)c;nscluster TP1/36
10 CD44 HP2/9
11 CD59 VJ1/12
1p | M Mtcconeatit | sz
13 CD147 VJ1/9
14 CD98 FG1/10
15 CD9 VJ1/20
16 CD81 5A6
17 CD151 Lial/1
18 b2 I ntegr TS1/18
1o | PRI | et
20 CD15 My1
21 ICAM -3 HP2/19
o | Ve | Yo
23 CD31 TP1/15
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4.4 Results

4.4.1 The activation of TLR 2/6 in RL95-2 cells induced microstructural

membrane changes

A normal RL952 cell analysed by AFM measured aroune2lB ¢ m i n | engt h
clear nuclear region with a maxi mum heig
membrane was covered in fine extensions or microvilli, characteristic of an endometrial
cell (Fig. 4.2a). In contrast 24 h F9Lstimulation of the cells induced several changes

in the membrane microstructure. There was a loss of the surface microvilli. The most
striking change in membrane appearance was observed as an induction of bleb like
structures of the membrane (formation of round protrusions; Fig. 4.2b).

4.4.2 The microstructural changes in membrane topology were

proportional to the TLR 2/6-stimulation time

The height of the cells, dRs of the waviness (micrometric) and roughness (nanoagjetri

profile of the cell was quantified using GwyddiprNe | as & KI. &@hprewas k 20
a significant effect of the FSL stimulation on the endometrial cell height (p < 0.0001;

Fig. 4.3a). This effect on cell heigbbuld have been influenced by duration of time the

cells were exposed to ligand (p < 0.001) due to the significant interaction observed
between thé-SL-1 treatmentind time (p < 0.001). We observed significant differences
between the height of control aR@&L-1 treated cells after 1 and 24 h of stimulation
(3.4 N 0.2; p O 0.001).

The waviness of the cell membrane increased proportionally with the stimulation time,
starting as soon as 30 min. There was a significant effect ofilR@Lthe waviness of

the e&lls (p < 0.0001; Fig. 4.3b), which was not influenced by the stimulation time as no
interaction was observed (p > 0.05). The time had no influence on the endometrial cell
waviness (p > 0.05). The waviness increased from 60.5 £ 4.5 nm in the contrabto 90

110 nm up to 8h of FSI stimulation. All the values were significantly different from

the control (p O 0.05). The highestl wavi
stimulation compared to the control (139.7 £ 9.3 vs 60.9 + 5.2 nm; p < 0.001).
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Figure 4.2. Height 2D and 3D images of the untreated or FSH stimulated RL95-2 cells.The free image analysis software Gwiddion was used to generate 2D (left) éngh3D
images of the RL92 endometrial epithelial cells nestimulated (a) or 24 h treated with 100 ng/ml F5(b). The brightness of the image is proportional to the cell height.
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As shown in figure 4.3c, the roughness of the membrane followed arspait@rn,

where the FSi1 treatment had a significargffect (p < 0.0001). This effect
significantly increased along the time (p < 0.001) and the highest increase was observed
after 24 h (66.6 + 7.2 vs 25.1 £ 1.9 nm). We can say that the effect conlsiderab
increased along the stimulation time as the interaction between time and treatment was
found significant (p < 0.05). These changes could also be visualised on the AFM
images, where compared to the rstimulated control, the surface morphology of the

cdl changed drastically proportionally with the stimulation time (Fig 4.4). We were

able to observe an active blebbing process and a loss of microvilli as described before.

4.4.3 Inhibition of NF-a B activat i-? rcellsi before RASBLS

stimulation was not abk to stop the membrane changes

The RL952 cells were préreated with the inhibitor BAY1-F082 to inactivate Nf® B
signalling. The cell membrane increased waviness and roughness after 1 h-bf FSL
administration even when pteeated with BAY117082 (Fig. 4.5). This was
significantly different from the nestimulated and only BAY 17082 treated cells (p <
0.001).

4.4.4 The activation of TLR 3 in RL95-2 cells induced microstructural

changes at the cell membrane

To test if the membrane changes were unique to Te.Rgdtion or could be induced by
another TLR activation or ligand, the RL-25cells were treated with the TLR 3 ligand,

the double stranded RNA analogue Poly I:.C. TLR 3 activation was also able to induce
the microstructural changes and blebbing of the brarme similar to that of TLR 2/6

(Figure 4.6a and b). An increase in the cell membrane waviness (Fig. 4.6c), roughness
(4.6d) and height (4.6e) was observed starting at 1 h of stimulation compared to the
untreated control (p O weére pdeSent.at 2aridd b @ Palye mb
I:C stimulation compared with theirnganr e at ed controls (p O O.
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Figure 4.3. Measurement of RL952 height, membrane waviness andoughness. The endometrial cell line
RL95-2 was treated or not with FSL (100 ng/ml) for 30 min, 1, 2, 4, 8 and 24 h. The cells were fixed and imaged
by intermittent contact AFM. The cell height (a), membrane waviness (b) and roughness (c) were dkiarmine
Gwyddion using a cubff value of 0.03 for waviness and 0.09 for roughness. The effects betweestimalated
versus FSEL were compared using a tweay ANOVA with Bonferroni postest to compare the different
timepoints. * p < 0.05, * p < 0.01 and* p < 0.001.
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Figure 4.4. 2D and 3D height images of the RL92 cells nonstimulated or FSL-1 stimulated. Representative 3D (top) and 2D (bottom) images of the RL&&dometrial epithelial
cells nonstimulated or treated with 100 ng/ml FSLfor 30 min, 1, 2, 4, 8 and 24 h were generated in Gwiddion. The brightness of the image is proportional to the cell height.
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Figure 4.5. Membrane waviness and roughness of N8B inhibited RL95-2 cells. The endometrial cell line

RL952waspred r eat ed

or not-7082 far b h ahdthen tkdatdl AivhI=21(100 ng/ml) for 1 h. The

cells were fixed ath imaged by intermittent contact AFM. The membrane waviness (a) and roughness (b) were
determined in Gwyddion using a eoff value of 0.03 for waviness and 0.09 for roughness. The effects were
compared using a ongay ANOVA with Bonferroni postest to conpare nortreated versus FSL treated cells per

time-point. The symbols a n ddenotesignificant differencesf Ctrl and Bay 11 with FSI1 and Bay 11 + FS{L

groupsp < 0.001.
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Figure 4.6. Changes on RL982 cell height and membrane waviness and roughness after TLR 3 stimulatiofihe endometrial cell line RL98 was treated or not with Poly I:C (100
ng/ml) for 1, 2 and 4 h. The cells were fixed and imaged by intermittent contact Rédlesentative 2D (left) and 3D (right) images of the RR3hdometrial epithelial cells nen
stimulated or treated with 100 ng/ml Poly I:C for 1 h were generated in Gwiddion. The brightness of the image is prdpdtenall height The cell heigha)( membrane waviness
(b) and roughness (c) were determined in Gwyddion using-aftwalue of 0.03 for waviness and 0.09 for roughness. The effects betweestimatated versu®oly I:C were
compared using a twaway ANOVA with Bonferroni postest to ompare the different timepoints. ** p < 0.01 and *** p < 0.0001.
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4.4.5 Flow cytometry evaluation of the expression of different membrane

proteins in the endometrial cells after TLR stimulation

4.4.5.1 A high expression of nine molecules from the gnel was observed in the

epithelial cells

After performing a general screening of the with the whole expression panel, we
observed that the expression of 13 of the surface proteins was similar to the isotype
control antibody in the three cell lineX@3 IgG, Median fluorescence intensity MFI =

3.5, Fig. 4.7). Hence these 13 markers were excluded for the subsequent analysis. The
final panel of anal ysi s was:-l, Cbl47, Ch98B,e gr i |
CD9, CD81 and CD151. The selection was based ®m®xbression of the molecules in

the three epithelial cell lines Ishikawa 312, Ishikawa and MCFAfter its analysis we
observed that only the expression of bl
the treatment with different TLR ligands. Thieanges observed in their expression are

presented as follows:

a.bl integrin

The expression of b1l -12andéslgkawarshowed a terménty | s
to increase after 24h of stimulation (Fig 4.8). The CpG treatment of Ishikawa at 24h was
different from the control (p < 0.05%ignificant differences were only observed in both

Poly I:C and all ligands treatment compared to the control at 24h (p < 0.05). The
treatment of the RL92 cells with Poly I:C and the combination of all TLR ligands was

ableto increase this protein expression significantly (p < 0.05).



Ishikawa Ishikawa 3H-12 MCFE7

Figure 4.7. Panel of expression of 22 different surface markers in endometrial and breast carcinoma cell lingbe expression of 22 different membrane surface markers was
assessed by flow cytometry on the endometrial cell lines Ishikawa (a) and Ishikal2Za(BHand the breast carcinoma cell line MCF7 (B)e isotype control is X63 a murine IgG
antibody.The results of expression are shown as median fluorescence intensity (MIF)
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b. CD147

The expression of CD147 increased after treatment of Ishikawa23itith TLR
ligands in both 4 and 24h compared to the untreated control (Fig 4.9). The 24h
treatment with FSi1 was significantly different from the control and 4h treatments
with Poly I:C and combined ligands (p < 0.05). Compared to this, the Ishikawa
treatment at 4 ah24h showed a decrease in the expression of CD147 compared to the
control. This reduction was found to be significant at 24h treatment with flagellin (p <
0.05, Fig. 4.9). The treatment of MCF7 cells for 24 h increased CD147 expression in all
the conditims compared to the control (p < 0.05). In the RR9&ells, the treatment

with Poly I:.C was able to induce an increase in CD147 expression (p < 0.05).

c. CD9

The expression of CD9 in the Ishikawa-3& and the Ishikawa cells remained constant
after the stnulation (Fig. 4.8a and 4.10). MCF7 cells showed a slight increase after the
stimulation for 24h with the TLR ligands. This increase was significant only in the CpG
and Poly I.C stimulated groups compared to the control (p < 0.05). In the RtOls,

the expression of CD9 was increased by the treatment with Poly I:C and in the

combination of ligands (p < 0.05).

d. CD98

The expression of CD98 in Ishikawa cells was not modified by the TLR treatment,
however a great variability was observed (Fig 4.11). Theesaxpression in Ishikawa
3H-12 had a tendency to increase after 4 and 24h of TLR stimulation. The stimulation
of the MCF7 cells with Poly I:C decreased substantially this expression after 24 h. In
contrast, the stimulation of RL95 with Poly I:C and the ambination of the ligands

increased the expression of CD98 considerably.
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Figure 4.8. Expression of Betal integrin in different epithelial cell lines after TLR stimulation. The expressn

of bl integrin was assessed -i2nishikatvee MEP and RIS Celld were e | |
stimulated or not (Ctrl) with the ligands for TLR 5 (Flagellin 100 ng/ml), TLR 2/6 ¢(ESL00 ng/ml), TLR 9 (10
nM), TLR 3 ( Bb &and a dombihationloball forgd/ and 24 h. The expression is registered as median
intensity of fluorescence (MFI) and differences between treatments and control estimated usiWay @iNOVA

with Bonferroni postreatment. P < 0.05 was considered taigeificant.
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Figure 4.9. Expression of CD147 in different epithelial cell lines after TLR stimulation.The expression of

CD147 was assessed in the epithelial cell lines IshikawaZBHshikawa, MCF7 and RL93. Cells were stimulated

or not (Ctrl) with the ligands for TLR 5 (Flagellin 100 ng/ml), TLR 2/6 (FEL100 ng/ml), TLR 9 (10 nM), TLR 3

(Poly 1:C, 10 e€g/ ml) and a combinati on @dian etensity 6for 4 ¢
fluorescence (MFI) and differences between treatments and control estimated using\ayOARIOVA with

Bonferroni postreatment. P < 0.05 was considered to be significant.
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Figure 4.10. Expression of CD9 in different epithelial cells lines after TLR stimulation.The expression of CD9
was assessed in the epithelial cell lines Ishikawal 3Hishikawa, MCF7 and RL93. Cells were stimulated or not
(Ctrl) with the ligands for TLR 5 (Flagellin 100 ng/ml), TLR 2/6 (F$L100 ng/ml), TLR 9 (10 nM), TLR 3 (Poly
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Figure 4.11. Expression of CD98 in different epithelial céllines after TLR stimulation. The expression of CD98
was assessed in the epithelial cell lines Ishikawal 3Hishikawa, MCF7 and RL93. Cells were stimulated or not
(Ctrl) with the ligands for TLR 5 (Flagellin 100 ng/ml), TLR 2/6 (F$L.100 ng/ml), TLR9 (10 nM), TLR 3 (Poly
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4.5 Discussion

Endometrial receptivity is a term designed to characterise the changes undergone by the
uterine cells at late secretory phase to favour the implantation of the embryo. These
changes among others, encompass proliferation of stromal and epithelial cells, cell
morphology alterations, increase of the protein secretory profile andsatitami of the
adhesive proteins expressed on the apical side of the cell menfjAciraehe & Revel

2006; BentinLey et al. 1999)

It is known that during the proliferative phase of the cycle, some of the cells aranbr

get covered in microvilli but only few endometrial cells will develop ciNtore & R. G.

R. Masterton 1975)During the latesecretory phase the endometrial cells get their
microvillous surface and pinopodes ready to interact with the trophoblasts of an
implanting embrygBentinLey et al. 1999; Bartosch et al. 201These morphological
changes are induced by progesterone promoting the receptiveness of the endometrium
towards embryo. In fact, the @®f an antprogestagen compound reduces the presence

of swollen microvilli and pinopodes on the endometrial sur{®eersen et al. 2005}t

is for this reason that the development of uterine microstructures has been used in
different studies to date the endometrium and as a marker for receptivity prognosis.
Normally the endometrium would develop pinopodes around @Gayf Zhe cycle being

day 18 the earliest and day 23 the latest. Nevertheless this developments seems to be
heterogeneous and different for each wortidikas et al. 1999)It has been found that

the controlled ovarian hypeatimulation or a hormonal replacement therapy, common
procedures duringn vitro fertilisation (IVF), reduces and increases this development

respectively.

As shown in our results the microvilli found in the astimulated cells were lost after

the stimulation with both FSIL and Poly I:C ligands. It is possible that this defence
mechanism agast inflammatory stimuli impairs drastically the efficiency of
trophoblastendometrial adhesion and affect cell receptivity. The loss of villi on the
membrane surface would suggest a decrease in the roughness values but in contrast, we
observed a gradual égrease. This is likely to be due to the increase in membrane
protrusions found in many of the cells imaged. The retraction of microvilli in response

to stimuli has been studied by AFM using pulmonary ATII cells, where the microvilli
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play an important rolén the release of pulmonary surfactédecht et al. 2011)ATII

cells were treated with the Ca+2 channel modulator capsazepine, which promoted
microvilli retraction, decreasing membrane roughness. The stimulation of dendritic cells
with  Pam3CSK (TLR 2 ligand) was able to decrease the podosomes, surface
microstructures and focal contacts of the cells, all regulateddnyifr. This presumably
allowed the cells to increase their phagocytic activity by relocating the actin used before
for migration(West et al. 2008)This decrease in podosome activity is induced as soon
as 20 min of TLR stimulation and it is independent from MyD88 signalling, an initial
adapter protein for TLR signalling. Nevertheless, the authors weset@lolbserve that
blocking ERK1/2 and p38, adaptors of the MAPK pathway, an additional TLR
signalling pathway, could partially recover this podosomal (désst et al. 2004)

In our study, we were able to observe changes in cell membrane. By measuring the
Rrus of the membrane and using two -ait values, we could distinguish between the
overall cell profile (waviness) and the nanometrical strust@r@ughness) as microvilli

on the membranéD Antonio et al. 2012)The endometrial cell membrane has been
previously studied by AFM. Francis and colleagues were able to observe the
microvillus membrane surface of the endometrial epithelial ¢Elancis et al. 2009;
Francis et al. 2010)In our observations we werenable to find pinopodes in the
endometrial cells. This is likely to be due to the lack of a progesterone stimulation,
which is known to induce the pinopode development in the apical surface of the cells
(Campbell et al. 2000; Nikas 1999; H. Singh & Aplin 2009)

The changes in the membramsughness induced by TLR activation seemed to be
bigger than the microvilli size, therefore we measured the waviness of the cells. It is
possible that the changes observed in the cells that appear as protrusions correspond to
membrane blebbing induced byethrLR stimulation. Cell blebbing is a type of
membrane extension where it protrudes in an spheroidal shape dependant on the actin
polymerisation(Hagmann et al. 1999}t has been suggested that membrane blebbing
occus during cell motility, exocytosis and apoptoftackler& Grosse 2008)In our
observations, we could discard the possibility of the cells undergoing apoptosis as a
result of the TLR stimulation. The morphology of the TLR stimulated cells differed
from that of an apoptotic cell: flattened membrane with Hikke structures in it. AFM

studies have shown the morphology of an apoptotic endometrial cell (Ishikawa cell line)
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or murine macrophage cells showing the above mentioned charactéKstiskKim et

al. 2012; D-C. Wang et al. 2011)t has been proposed that cell blebbing would come

as a defence mechanism against different pathogens. For example, the contact of the
bacterialporeforming toxin (PFT) O streptolisin with the cells, induced the blebbing of
the CHO cell membranes in a Ca+2 channel dependent way. This blebbing prevented
cell damage and apoptodiKeyel et al. 2011)In a similar way, the vaginolysin of
Gardnerella vaginalis a PFT, induced the blebbing of vagindlcanvical epithelial

cells in a CD59 dependent manifeandis et al. 2013; Xiao, Chang, et al. 2002a)as

been observed that the stimulation of P2X7R, another receptor of the innate immunity
that recognises ATP, can induce membrane blebbing antbdta secretion in
macrophagegVerhoef et al. 2003)In our observations, the activation of TLRs was
sufficient to induce a similarrpcess. The mechanisms mediating initiation of blebbing

in cells remain unknown and membrane blebbing has never been linked to TLR
activation before. Nevertheless it is logical to think that it would be induced as an innate

defence mechanism of the cellr@dease pathogens from the cell surface.

The fact that the inhibitor Ba¥17082 was unable to stop the membrane changes
induced by TLR stimulation shows that the effect over the membrane morphology is
NFFeB i ndependent. Al t h o ungriownt we éhavee prexvicusly me ¢
observed that the FSL stimulation of the RL92 endometrial epithelial cells has a
functional effect by decreasing the adhesion of trophoblast spheroids to the monolayer
(Sanchez Lépez et al. 2014revious experiments have shown that the treatment of
endometrial cells with flagellin (TLR 5) ligand is also able to reduce the adhesion of
trophoblast spheroidéAboussahoud, Bruce, et al. 2010Byetreatment of Ishikawa
endometri al cel |-%$17082ii¢ &ble foOincreadd thB Adhesion of
trophoblast spheroids to flagellin stimulated céaballero et al. 2013)t might be
possible that the observed effects of TLR stimulation over trophoblast binding and
membrane morphology are independent from each otheroliafsht be possible that

the endometrial cells have a differential response depending on the stimulated TLR as
the production of IE8, a cytokine produced after TLR stimulation, is mainly induced by
flagellin (Aboussahoud, Aflatoonian, et al. 2010M)embrane changes due to external
stimuli are commonly induced rapidly by enzyme phosplation at membrane level
without the need of inducing initial gene activation. As an example, we can observe that
the stimulation of murine lungs with lipopolysaccharide (LPS, TLR 4 ligand) has been
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shown to phosphorylate Src, a tyrosine kinase that nesd@gtoskeletal assembly with
the cell membrane. The use of a Src inhibitor before LPS stimulation decreased
neutrophil migration, production of TNB , MMP s -aaBn da cN fHw & ltee & n
al. 2007) This shows that the membrane associated tyrosine kinases might have an
ealy role in the initiation of immune responses and might also mediate the responses
observed in our experiments. Further investigation is required to determine the

mediators of the cell membrane morphological changes.

We explored a set of 23 differentrface expressed proteins as integrins, selectins,
CAMs and other transmembranal glycoproteins. We found that the epithelial cells had a
low expression of most of these molecules or the expression was absent. For this reason
we continued the assays with raoliles that comply with two main characteristics: 1)
membrane molecules highly expressed in the cells and 2) markers that were previously
suggested in I|iterature to be related w
CD9, and CD9gDominguez et al. 2010The expression of these membrane molecules

was assessed before in primary epithelial endometrial cells and the cell line$AHEC

and RL952. These moleculesere also found highly expressed in the cells, suggesting
they could have an important role in intercellular adhesion and endometrial receptivity

(Dominguez et al. 2010)

The expression of bl integrin increased
lines tested. Similar observations were reported in colorectal cancer cells where the
activation of TLR 4 by LPS has bread ffou
increasing their metastatic potent{dl H. Wang et al. 2003; Hsu et al. 2Q1htegrin

bl has been found to be important for TL
attachment to ECM proteins has been found to incread® Mediated responses
(Monick et al. 2002) Furthermore, a pathogen recognition capacity of integrins has
been suggested where U3b1 integrin med
chondrocytegBehera et al. 2006nd facilitates the phagocytosis of lipopeptides for

TLR 2/1 recognition in endosom@glarre etal. 2010) | nt egr i n dibhai s a
diversity of inflammatory processes. It helps the migration of leukocytes to the
inflammation site, remodelling of the tissue in wound healing and cartilage destruction

in arthritis (Al-Jamal & Harrison 2008; de Fougerolles et al. 200&om the
reproductive perspective b1l integrin is
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out mice shows developmental impairment and problemisviade the endometrial
decidua(Stephens etal. 1995) Bl ocki ng of human endometr
antibodies of peptides vitro allows murine embryos to attach but not to spread in the
decidua(Shiokawa et al. 1999; Hanashi et al. 200B)may be possible that the
functional role of b1l integrin iesfratmhe en
modulating the trophoblast attachment to modulating the recognition of pathogen for the

initiation of immune responses.

The endometrium is an organ that undergoes constant remodelling. The expression of
CD147 has been found in epithelial cellsdastroma and might aid this remodelling
process by priming the production of MMPs necessary for the menstrual breakdown and
favouring the trophoblast invasion to the uterine decidiao, Chang, et al. 2002a)

We observed a high expression of CD147 in all the endometrial cell lines and the MCF7
cells highlighting its importance for a normal epithelial function and adhesion with
trophoblast cells. In fact, the knock out mice for CD14%nfertile due to embryo
implantation defectfigakura et al. 1998Arthritis is an inflammatory disease related to

an excessive remodelling of the synovial tissue. The synovial cells during this process
overexpress CD147 that facilitates cartilage degradafibreese et al. 2008)
Inflammatory processes in the reproductive tract, such as endometriosis have been also
linked with CD147 overexpressio(Braundmeier et al. 2010)in our results, we
observed that the expressiof CD147 tended to increase after TLR stimulation in
MCF7, Ishikawa 3HL2 and RL9%82 cells but a tendency towards reduction of this
molecule in the Ishikawa cells. This might be related to the malignancy of the cells, as
they are all carcinomderived c#s. Changes on the expression of CD147 in the
endometrium has been related before with endometrial carcinomas and the level of
malignancy and patient surviv@iK. Nakamura et al. 2012A correlation with TLR
activation and cancer development has hm#served where TLR 4 activation increased

the colorectal tumoural cell invasiveness capagiisu et al. 2011)If a similar effect is
happening in the TLR stimulated endometrial cells, it might be possible that the
stimulation favour the malignancy of the cellsmiight be necessary to assess this same
effect on the endometrial stromal cells to see what the effect might have on the

modulation of trophoblast migration.

13¢



The expression of CD9 in the endometrial cells was variable and remained unchanged
in the endomeial cell lines Ishikawa and Ishikawa 3E2. Nevertheless this expression
increased after 24 h of stimulation of all the TLRs in MCF7 breast carcinoma cells and
with Poly I:C in RL952 endometrial cells. The inhibition of CD9 has been observed to
facilitate the migration of endometrial carcinoma cells and a low expression of this
molecule is associated with the carcinoma development and metéB@ds Inoue,
Ueda, Hirano, Higuchi, Konishi, et al. 2000&)ence it might be possible that changes

in its expression with the celine correlates again with malignancy of the cell line
similar to what was observed with CD147. In macrophages stimulated with LPS, the
expression of CD9 decreases and the inhibition or silencing of CD9 facilitates
production of preinflammatory mediators CD9 is able to exert this immune
modulatory effect by mediating the association of CD14 and TLR4 in lipid rafts
necessary for LPS sensifi§uzuki et al. 2009)A similar function for CD9 has been
observed inthe recognition and induction of amiral responses by hepatocytes
infected by hepatitis C virus (HCV). In this study, the tetraspanins CD9 and CD81,
receptors for HCV, mediated the uptake and viral recognition by TLR 7 and production
of interferon alph4S. Zhang et al. 2013)

The expression of CD98 tended to increase in almost all of the cell lines when
stimulated with the TLR ligands for 24 h, however there was a lack of significant
difference due to the great variability. The associatonoCD98 and b1 i nte
found to mediate adhesion processes and polarisation of the cells and is normally found
in the basolateral compartment of epithelial c@@ai etal. 2005) Up to this moment,

no direct link between expression of CD98 and TLRs has been suggested. Nevertheless,
CD98 and bl has been observed to partici
epithelial cells of the intestine relocating to the apimembrane. In this study CD98

was found to bind directly to the enterophatogdBscherichia coliand mediate the
expression of proinflammatory gen@Sharania et al. 2013)t has also been found to
mediate the endocytosis of Vaccinia virfigchroeder et al. 201.2The importance of

CD98 in embryo implantation was proposed as it was found expressed in ¢hk api
portion of the endometrium epithelium during late secretory phase and the silencing of
this molecule in endometrial cells decreased the adhesion capacity to murine blastocysts
(Dominguez et al. 2010)Furthermore CD98 deletion in murine embryos is lethal
depicting its importance during embryogengsisumura et al. 2003Whether the TLR
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stimulation of endometrial cells directly influences CD98 adhesive functions and
changes to facilitate pathogen recognition, still needs to be determined. Together these
observations suggested that the compl exe:
regute immune responses by facilitating the pathogen sensing to TLRs. These
complexes also mediate the intercellular adhesion of endometrial cells and trophoblasts
during implantation. The variation of expression of these markers observed in the
endometrial ells after TLR activation might be related to the epithelial immune
responses. This might affect their adhesion capacity during implantation. Nevertheless
knowing the cellular localisation of these molecules after TLR stimulation would help

us to understahtheir roles in the epithelium.

The heterogeneity of the endometrial cell membrane phenotype has been suggested
previously. Graham et al were able to describe that in a normal endometrial epithelium
some endometrial cells are covered in microvilli butya@ubpopulations of epithelial

cells were able to develop ciliR. R. Masterton et al. 1975; More & R. G. R. Masterton
1975) The distribution of glycan markers in the cell membrane has also been found
heterogeneous within the endometrial populat@ampbell et al. 2000)This suggests

that the endometrial cells respond differentially to the cyclic changes. This might
suggest that specialised subsdtsalls are highly sensitive to the cyclical changes and
responsible for the interaction with the embryo. The observation of cell subtypes with
specific functions is found in the epithelial layer of the intestine, where enterocytes,
microfold (M) cells, gblet cells and Paneth cells interact with each other to guarantee a
proper intestinal functioRescigno 2011; Maldona€dontreras & Mccormick 2011)

In our work, we were able to measure the changes that TLR activatideceiicithe
membranous microstructures by AFM and alterations in surface molecule expression. It
is likely that the highly heterogenic endometrial population expressing the membrane
markers could mask any small effect induced by the TLR stimulation. Another
possibility is that the TLR stimulation only induced a rearrangement of the membrane
microdomains through actin cytoskeleton or the effect was direct over the
rearrangements of the cytoskeleton scaffolding. Further experiments are required to
verify the ole of the TLR activation on the endometrial cell cytoskeleton and its
relation with membrane structure. These membrane changes could contribute to the loss
of receptivity of the endometrial cells influencing the adhesive surface exposed to the
implantingembryo and reduce the possibility of attachment.
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In conclusion the results presented are indicative of an immediate change in the surface
structure and molecular composition of endometrial cells in response to TLR ligands. It
remains to be determined hodvoes these alterations might help these cells to gain
protection from infection and/or reduce their ability to interact with embryo and achieve

a successful implantation.
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5.1 Introduction

The implantation of the embryo is a process that requires a special coordination between
the developing embryo and the cycling uterus of the mother. The embryo will take
around 57 days to reach the uterus. By then it must have reached the blastocysf stage
development and hatched from the zona pellucida. Meanwhile the endometrium now in
the luteal or latesecretory phase would have undergone a series of morphological and
molecular changes to facilitate the allocation of the emfarwitz et al. 2001) The
Awindow of i mplantationo is the period w
has acquired a flesey@@d)This mcludes then sirdtificatiencof

the epithelial cells, decidualisation of the stromal compartment, development of spiral
arteris and glands and secretory activity of epithelial glandular and stromal cells,
among others. At the molecular level, the endometrial epithelial cells express a series of
glycans that will serve as attachment molecules for integrins of the blasidcyingh

& Aplin 2009). The embryo implantation is not onkggulated by the expression of
factors important for its attachment but also -adkhesive factors as the glycoprotein
mucin 1(Simén et al. 2001)

Mucins are glycoproteins with {inked long carbohydrate chains to a core rich in
threonine/serine tandem repeats (TR) that are present in all the epitheliabhrofitos

body. They are found on the apical side of the epithelial cells as membrane linked or
secreted forming gel in the lumen of different orgéds C. Rose & Voynow 2006)

They can be found in the respiratory, digestive and reproductive tracts as well as in the
eye cornea and (C.hveEvamns & Kob 2089)Thevecare 4Cadifferent
membrane linked mucingvMUC1, MUC3A, MUC3B, MUC4, MUC11, MUC12, MUC13,
MUC16, MUC17, MUC20) and 8 gel forming mucins from which 5 bglomthe cysteingich

TR (MUC6, MUC2, MUC5AC, MUC5B and MUC19) and 3 to the cystgwer TR (MUC?7,
MUC8 and MUC9)M. C. Rose & Voynow 2006)

The expression of the membrane bound mucin 1 was found in secretory and menstrual
endometrium whereas gel forming mucins were detected only in the lower female
reproductive trac(Gipson et al. 1997Mucin 1 has been characterised to be expressed

in the apical portio of the endometrial cells and its expression varies during the

menstrual cyclg§Achache & Revel 2006)its presence has been reported to interfere
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with the accessibility of the adhesion molecules of the endometrium, hencéheiith
implantation of the embry¢Simon et al. 2001)Mucin 1 is constitutively expressed in

the endometrium of various species, such as mice, rats, sheep and pigs. The
progesterone surge dowegulates its expression during receptive phase of the cycle
(Aplin & Kimber 2004; Braga & Gendler 1993; Spencer et al. 200#ontrast, in

other species such as humans, baboons and rabbits, the expression of MUC1 seems to
increase during pemmplantation periodAchache & Revel 2006; Gipson et al. 1997;
Hoffman et al. 1998) Interestingly the local regulation of MUC1 in the human
endometrium seems @ dependant on the presence of the embryo, where the epithelial
cells in the embryo surroundings dowegulate its expressidivMeseguer et al. 2001; H.
Singh & Aplin 2009)

Anomalies in the production of mucin 1 in the reproductive tract has been related with,
tumour development and fertility problems. For example, endometrial adenocarcinomas
show a high expression of MUC1, MUC5B and MUCS8, which seems to be a common
feature & tumours as it can be also observed in cervical cancerous (idsbbar et al.

2005) Endometriosis is another disease where high levels of mucin 16 are found in the
serum but the expression remains constant in the endoticetissue(Dharmaraj et al.

2014) It has been reported that the etdton of low levels of soluble MUC1 in
endometrial flushing has been found in patients with miscarriages as this mucin should
shed from the endometrium to facilitate pregnafitgy et al. 1995)Another example

of MUC1 antiadhesive properties can be observed in the cells of the fallopian tubes
where its highest expssion level is observed during the luteal phase of the menstrual
cycle. This will prevent the embryo from implanting in the fallopian tubes as it has been
observed that patients with ectopic pregnancies lack MUC1 expression in the tubal cells
(Al-Azemi et al. 2009)

The production of mucus is an innate immune mechanism of defence that acts as a
physical barrier against invading microorganigid®ncada et al. 2003)The ejthelial

cells of the female reproductive tract (FRT) are able to recognise microorganisms and
initiate immune responses through the pattern recognition receptor family of the Toll
like receptors (TLRYKoga & Mor 2008) The TLR family in human is formed by 10
membes that are able to recognise bacterial, fungal, parasitical and viral pathogen
associated molecular patterns (PAMBSzeli et al. 2005)Ligation of the TLRs will
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initiate a signalling cascade that widttivate the transcription factors nuclear factor
(NF)-e B o frl reAp@nsible for promoting the expression of inflammatory genes
(Takeuchi & Akira 2001) TLR 2 form heterodimers with TLR 1 and 6 to recognise
PAMPS from pathogens lik€hlamydia trachomatis or N. gonorrhoeeesponsible for
sexually transmitted and pelvic inflammatory diseag€sConnell etal. 2006)
Particularly in the endometrium it has been observed that the TLR expression varies
along the menstrual cycléAflatoonian et al. 2007) Recently the activation of
endometrial TLRs has been found detrimental for embryonic implantatiorin Mo
activation of TLR 5 by flagellin and TLR 2 and 2/6 by peptidoglycan and the synthetic
diacyl lipopeptide FSil respectively, deeased the adhesion capacity of trophoblast
spheroids to the stimulated endometrial célboussahoudBruce, et al. 2010a)The
stimulation of TLR 2/6 in the murine uterine horn has also been observed to reduce
embryo implantation affecting uterine morphology and cytokine secré8anchez
Lépez et al. 2014)The exact mectmésms for this decrease of trophoblast adhesion and
embryo implantation remain unknown. We can speculate that the activation of this
endometrial TLRs is able to affect endometrial receptivity and activate mucosal innate
immune defences. In the epitheliaveay, the activation of TLR 2 has been reported to
increase the production of mucin 5AC in responsklyooplasma pneumonigd€hu et

al. 2005) It is possible that a similar response could prime the production of mucins in
the endometrium as a defence mechanism. While protecting the endometrium from a
pathogenic invasion, this mucin production would form an-adtesive factor for the

embryonic implantation.

In the present experiments, we testedvitro if the activation of endometrial TLRs
could affect the expression of two membrane bound mucins, mucin 1 and mucin 16.
The endometrial cell line RL98 and the rast carcinoma cell line MCF7 were used as
epithelial cells. They were stimulated with the synthetic diacylated lipopeptidel FSL
specific ligand of TLR 2/6 and flagellin ligand of TLR 5 for 4 and 24 h.
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5.2 Materials and methods

5.2.1 Analysis of the expression bMUC1 and MUC16 in the endometrial

epithelial cells

5.2.1.1 Preparation of epithelial cells

The human endometrial adenosquamous carcinoma cell line {RL@&s obtained

from ATCC and employed to mimic the receptive endometrium. The RL&HIs were
cultured inT75 flasks at 37°C in DMEMAA2 (Sigma) supplemented with 10% of heat

i nactivated foet al b o v i niesulirs (BumanmecdmbiiBast) (
insulin from Gibco)and 1% L-glutamine (Invitrogen) in 5% C{atmosphere until total
confluency. The ME7 cell line was employed as an epithelial cell line from-non
endometrial origin. The cells were cultured in DMEM/E supplemented with 10% of

heat inactivated FBS (Sigma), 160 ng/ml Insulin (Gibco), and 1%lutamine

(Invitrogen) in 5% CO2 atmospheretiitotal confluency.

The media was changed every second day till confluence of the cells. At confluence,
cells were washed with DPBS (Sigma) and were harvested using 1 ml of {Bp§ia
(Sigma). The cells were incubated for 3 min at 37°C and thenguklbst centrifugation

at 300x g for 4 min. Finally, the pellet was resuspended in 3 ml of media and the cells

were seeded in a T75 flask.

5.2.1.2 RNA extraction, purification and cDNA synthesis

The endometrial cells were grown in T25 culture flasks until totaflgency. Then the
cells were homogenised and collected in 1 ml of TRI reagent (Ambion, Huntingdon,
UK). RNA was extracted using the conventional chlorofarnethanol extraction.

C

~

Briefly, 200 ¢l of chloroform (Siggnatgg) we

mixed and incubated at room temperature for 15 min. The mix was centrifuged at
12000x g for 10 min at 4°C. The aqueous transparent upper layer was transferred to a
tube with 500 ¢l of i sopropanol (Si gma),
room temperature. The sample was then centrifuged at 12000x g for 10 min at 4°C. The
supernatant was discarded and the pellet was resuspended in 1 ml of 75% ethanol
(Sigma) and centrifuged at 7500x g for 5 min at 4°C. The supernatant was carefully
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discard d and the pellet was resuspended in
DNAf reeE ( Ambi on) kit was wused for RNA p
i nstructions. Briefly, the 0.1 volumes ¢
added to the sampland incubated for 30 min at 37°C. Then, 0.1 vol of DNase
inactivation reagent was mixed in and incubated for 2 min at room temperature. The
samples were centrifuged at 10000x g for 1.5 min and the supernatant was transferred to
a clean tube. The proce@uwas repeated twice. Finally, the concentration of RNA was
determined with the Nanodrop spectrophotometer (Labtech, UK). The ratio of
absorbance between 260 and 280 nm was used as a standard of psyfitysdex 1.871

2). The firststrand complementap NA ( c DNA) was syntheti ze:¢
with the RNA to cDNA kit (Applied biosystems, Life Technologies; Paisley, UK)
foll owing the instructions from manufact
el of 2x RT buffer, lough hucleasé&ree2n@ter toecomplgtane m
20 ¢l of the total mi X . Negative control
was added. The mix was incubated in a thermocycler (Eppendorf, Stevenage UK) for a
cycle of 37°C for 60 min, followed by 95°C for 5imand finally 4°C. Samples were

stored at20°C for further analysis.

5.2.1.3 Primer design, optimisation and validation for gPCR

The forward (fwd) and reverse (rev) primers for the human mucin (MUC) 1 (Accession
no. NM_001204296.1pnd MUC16 (Accession ndNM_024690.2 were created with
thetool PrimeBLAST ( NCBI website)-AcThe QBA2ZT%) f a
microglobulin (B2M) were used as reference genes (Table 5.1). The primers were
between 1&3 nucleotides, with a G/C content of 4557% and a sinfar melting
temperature () for fwd and rev primers. Both were designed to bridge an-exon
junction to avoid genomic DNA amplification. Their specificity was verified with
BLAST (NCBI website) against human RNA and DNA databases. The possibilities for
a primerdimer formation and secondary structures were analysed with the Oligo
Analyser tool of the Integrated DNA technology (IDT) website and ordered from the
same company (Leuven, Belgium). The efficiency of the primers for mucin and
reference genes waverified by quantitative redime PCR (QPCR). The variation of the
threshold cycle number (Cwas estimated during the exponential phase. A standard

curve was generated using serial dilutions of the samples of cDNA (1:5, 1:15, 1:45,
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1:135 and 1:405) ahplotted using the logarithm of the cDNA dilution versus the
average ¢of three replicates. The efficiency for each set of primers was calculated as

follows:
E = 1d-llslope]
And the percentage estimated with the equation:

E(%) = [1+ (10™s°Pe)]*100

An efficiency of 80 to 120% for each set of primers was considered acceptable for

further analysis of gene expression.

Table 5.1. Gene namesand symbols accession numbers sequencesand product size expected after
amplification.

Accession number Gene Symbol Sequen&) (56 Product
size (bp)
NM_001204296.1 Mucin 1 MUC1 F: CCGCCGAAAGAACTACGG 179
R: CCTGCAGAAACCTTCTCATAG
NM_024690.2 Mucin 16 MUC16 F: GCCTCTACCTTAACGGTTACAATGAA 114
R: GGTACCCCATGGCTGTTGTG
NM_001101.3 b-Actin BACT F: CCTCCCTGGAGAAGAGCTAC 152
R: CTTCATGATGGAGTTGAAGGT
NM_004048.2 b-2 Microglobulin  B2M F: TATGCCTGCCGTGTGAACCA 98

R: GCGGCATCTTCAAACCTCCA

5.2.1.4 Quantitative real-time PCR and gel analysis

The gPCR reaction was performed using the SYBR Green Jumgl &gReady mix®
(Sigma) containing 20 mM TrBICI, 100 mM KCI, 0.4 mM dNTP (dCTP, dTTP,
dGTP, dATP), 7 mM MgGl stabilisers, JumpStart Taq antibody, SYBR Green and

0.05 wunit/ el of Taq DNA pol ymer ase. A
prepared wift earhe primer (100 nM), 1 ¢l 0
green buffer mi X and 7 e | of RNase fre
experi ment al sampl es, one positive contr
and two negative controls (moe mp |l at e contr ol using 1 ¢l

no-RT control). The gPCR was performed in triplicates of each biological replicate in

96 well plates using a Stratagene 3005x real time PCR machine (Stratagene,
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Waldbronn, Germany). The amplificaticycle was set as follows: 95°C for 30 sec for
DNA denaturation, 56°C (MUC1) or 57°C (MUC16) for 1 min for primer annealing and
72°C for 1 min for primer extension. The amplification was set to 40 cycles and the
final extension was at 72°C for 3 min. Theoducts of amplification were resolved by
electrophoresis in an agarose 2% gel at 90V for 1 h. The products of amplification were
compared to a MiniSizer ladder (Norgen Biotek; Ontario, Canada) to corroborate the

expected size according to table 5.1.

5.3 Experimental design

5.3.1 Evaluation of the MUC1 and MUC16 gene expression after TLR

stimulation

The RL952 and MCF7 cells were cultured in T25 flasks to total confluence. The media
was replaced with serufree DMEM/F12 and the cells stimulated with FSL(100

ng/ml) and flagellin (100 ng/ml) for 4 and 24h. One flask was used as positive control
and was stimulated with phorbol-b2yristate 13acetate and ionomycin (PMA/I) for 4h

as this compound can be toxic when the cells are exposed to it for more than 6 h. The
cells were then collected in TRéagent, total RNA extracted, cDNA synthesised and
the expression of the MUC1 and MUC16 genes was determined by gPCR using BACT

and B2M as reference genes.

5.3.2 Statistical analysis

Each experiment is comprised by 9 samples formed by three samples (experimental
replicates) performed in three different days (biological replicale$).e (qgtlod
was used to analyse the collected expressionatatawvas calculateds follows:The
avelge ofthe C; values foreach reference gen€iact and Cigon) is calculated and
averaged(Cire). Then theC; of each sample othe gene of interes{Cicend IS
normalised to th€rerto obtain thep @

P &= CiceneCiret
Then, thep Gwas normalised with the Gof the $andard sample (pool of the cDNA of
all the samples):
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PPG P Csmo

A relative mRNA expression for the samples was calculate8®8“2 The results were
expressed as mean + SEM. Statistical analysis wasrpedfousing Statistica (V7;
Statsoft UK, Letchworth, UK). Multiple groups were compared with a-woag
ANOVA and a Bonferroni multiple comparison pdste s t . Rs consifered tb bew
significant.

5.4 Results

5.4.1 Expression of mucin 1 and 16in the epithelial cells after TLR

stimulation

5.4.1.1 Primer optimisation

The efficiency and specificity of each set of primers was confirmed using a standard
and a dissociation curves. The set of primers for the reference genes BACT and B2M
had an efficiency 0f96.1 and 94.7% respectively and one amplification product
observed both in the dissociation curve (Fig. 5.1 and 5.2). The primers for MUC1 and
MUC16 had an efficiency of 95.9% and 109.4% with only one amplification product
(Fig. 5.3 and 5.4). The amplifitan products resolved on an electrophoretic agarose gel
were found to be of 147 bp for MUC114 for MUC16and 152 bp for BACT ané8

bp for B2M(Fig. 5.5).

5.4.1.2 The activation of the TLRs in the epithelial cells increased the expression
of MUC1

The stimulation of the MCF7 cells with FSL and PMA/I for 4 h was able to increase
significantly the expression of MUC1 compared to the-stomulated control (p <
0.05). Flagellin only increased slightly this expression (Figure 5.6a). The 24 h
stimulation ofthe endometrial cells with the TLR ligands had a small influence in
MUC1 expression increasing it slightly but not significantly compared with the 24 h

nonstimulated cells (Figure 5.6b).
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In contrast with this, the stimulation of RLZ5with flagellin for 4h significantly
increased MUC1 expression compared to the-stonulated control (p < 0.05). The
FSL-1 stimulation was unable to increase MUC1 expression but the unspecific activity
of PMA/I increased significantly this expression compared to thestionulated control

(p < 0.05; Figure 5.6c). After 24 h of stimulation, we observed a small increase in
MUC1 expression with FSIL but not with flagellin compared to the respective-non
stimulated control. PMA/I stimulated cells had a significantly higheression of
MUC1 than the 24 h nestimulated cells (p < 0.05; Figure 6d).
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Figure 5.1. Standardisation of b-actin primers. The speci f i eactip@BAQOheamsplificdtionrwer®
standardised at 57° Che specificity of the amplification product was verified on the melting curve. The primers had

an efficiency of 96.1% estimated with the standard curve. The cDNA concentration was estimated with the
amplification curves.
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Figure 5.2. Standardisation of Beta 2 Microglobulin primerssThe speci fic primers for
amplification were standardised at 57° C. The specificity of the amplification product was verified on the melting
curve. The gmers had an efficiency of 94.7% estimated with the standard curve. The cDNA concentration was
estimated with the amplification curves.
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Figure 5.3. Standardisation of the Mucin 1 primers. The specific priners for MUCL amplification were
standardised at 55° C. The specificity of the amplification product was verified on the melting curve. The primers had
an efficiency of 95.9% estimated with the standard curve. The cDNA concentration was estimated with the
amplification curves.
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Figure 5.4. Standardisation of the MUC16 primers. The specific primers for otin 16 (MUC16) amplification
were standardised at 55° C. The specificity of the amplification product réfeed on the melting curve. The

primers had an efficiency of 109.4% estimated with the standard curve. The cDNA concentration was estimated with
the amplification curves.
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Figure 5.5. Products of amplification of MUC1, MUC16, BetaActin and Beta 2 Microglobulin . The products of
the gPCR amplification of the genes MUC1 and MUGHH®I their respective negative RIRT) and negative
controls (Ctrl) were resolved by electrophoresis in 25% agarose gel. The specific amplification product for
MUC1, MUC16, B-Actin and B2Mmeasured 147114, 152 and 9®&p respectively
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5.4.1.3 The expression of MUC16 is increased after TLR activation only in the
endometrial cells

The 4 h treatment of MCF7 cells with F8Land flagellin failed to affect the MUC16
expression compared with the ntvaated control. (Figure 5.7a). The treatment of these
cells with FSL:1 for 24 h increased MUC16 expression compared ta2thé non
stimulated control (p < 0.05). The stimulation for 24 h with flagellin failed to increase
this expression (Figure 5.7b). Treatment of the MCF7 cells with PMA/I increased
significantly MUC16 expression compared with both 4 and 24 h-stionulated

controls.

The treatment of the endometrial R:E2%ells with the different stimuli for 4 h failed to
increase the expression of MUC16 compared to thestiorulated control. In fact, the
flagellin and PMA/I treatment significantly decreased MUC16 expoas§p < 0.05;
Figure 5.7¢). In contrast, after 24 h of stimulation, both-BESind flagellin were able to
significantly increase MUC16 expression compared to thestionulated control (p <
0.05; Figure 5.7d). There were no observed effects of PMA/I saiionl on MUC16

expression.
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Figure 5.6. Expression of MUC1 in MCF7 and RL952 cells after TLR 2 and 5 stimulation.The expression of MUC1 was assessed in MCF7 cells a breast carcinoma cell linéb)amahdhe endometrial
epithelial cells RL98 (c and d). The cells were stimulated with were stimulated with the ligands for TLR 2/61{FSI0 ng/ml) and for TLR 5 @gellin; 100 ng/ml) for 4 and 24h. The cells were stimulated with the

unspecific activator PMA/lonomycin for 4 h. The expression of MUC1 was normalised using BACT and B2M as reference gepesgemh@s fold of increase. The data is presented as nf&akland oneavay

analysis of variance with Dunnettodés multiple compardeedsynficantst performed to compare the multiple c
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Figure 5.7. Expression of MUC16 in MCF7 and RI95-2 cells after TLR 2 and 5 stimulation.The expression of MUC16 was assessed in MCF7 cells a breast carcinoma cell ling)(arahthe

endometrial epithelial cells RL93 (c and d). The cells were stimulated with were stimulated with the ligandsLf®r2I6 (FSL-1; 100 ng/ml) and for TLR 5 (flagellin; 100 ng/ml) for 4 and 24h. The cells were
stimulated with the unspecific stimuli PMA/lonomycin for 4 h. The expression of MUC16 was normalised using BACT and B2kéacergenes and reported as foldhofease. The data is presented as mean +
SEMandonavay analysis of variance with Dunnettds multipl e c o ongidered sigoiftant est performed to compare the
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5.5 Discussion

The epithelial mucosaf the body forms a tight barrier of cells that will impede any
microorganisms from breaching the luminal space and initiate innate immune responses.
Epithelial cells of the female reproductive tract are known to modulate the immune
mechanisms throughouhdé menstrual cycle as an innate mechanism to prevent any
possible infection for example the secretion of -amtirobial peptidegKing et al.

2003) This innate immune mechanisms increase their activity at the late secretory
phase and are inducible byarobial stimulation(Hickey et al. 2011)Another mucosal

innate immune mechanism is the production of mucin.

In our work, we were able to detect the expression of mucin 1 and 16, membrane bound
mucins, in response to TLR stimulation. The increase in MUC1 expression was induced
rapidly, finding an increase after 4 h of stimulation of TLR 2/6 in MCF7 cells and
TLR5 in RL952 cells. In a similar way, the expression of MUC1 in reproductive
tissues has been found to be fast in response to bacterial ligands. For example in the hen
oviduct, the stimulation with LPS for 3 h could induce the overexpression oflMuc
(Ariyadi et al. 2013)In a human cervical 3D model, MUC1 expression was increased
by the stimulation with both FSL and flagellin and greatly enhanced by Poly I:.C
(TLR 3) ligand (Radtke et al. 2012)The induction of the expression of MUCI16,
another membrane bound mucin was observed after 24 h of TLR stimulation. This
increase was specifto TLR 2/6 and 5 in the endometrial cells and TLR 5 in the breast
carcinoma epithelial cells. In the same 3D cervical model, MUC16 was also induced by
the activation of TLRs. In particular the activation of TLR 3 increased significantly its
expression, HUTLR 2/6 was also capable of increasing MUC16 expregstadtke et

al. 2012) Mucin 16 has been found expressed constantly throughout the cycle in the
endometrial epithelial cells with an overexpression of 4 folds at late secretory phase.
The silencing of MUC16 has shown to increase trophoblast cells adhtesitre
endometrial cells, compared to the normal endometrial cells and to MUC1 silenced

endometrial cell$Gipson et al. 2008)

In our experiments, we found that the expression of MUCldrettdometrial cells was
different than that of the breast carcinoma MCF7 cells. The presence of MUC1 in breast

epithelial cells has been only associated with tumour development. It has been used as a
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prognostic marker for breast carcinoma and a potentdjivant for cancer
chemotherapySinn et al. 2013)The expression of MUC1 has been observed in MCF7

as a potential anadhesive molecule that aids the metastasis of the cells by helping
migration and inhibiting firm adhesiorfRichard Bennett et al. 20Q1\Ithough this
expression has not been related to the TLR stimulation, it is possible that the activation
of TLRs could enhance the metastatic capacity of the cells. This has been observed in
colorectal caner cells where LP$nediated activation of TLR 4 induces overexpression

of b1l integrin increasi ndAriyadietaln20l3;dHsuteat i c
al. 2011)

As observed, the indl TLR activation of the epithelial cells is enough to stimulate the
production of mucin. If the inflammatory reaction persists, many soluble inflammatory
mediators are also able to induce the expression of mucin in the endometrial cells. For
example Turour necrosis factor (TNF) can i ncrease MUC1 expr
in the uterine epithelial cell line HEG hathiah et al. 2004)A similar induction has

been observed promoted by TNF and i nt er.f efrhoen MUCFIN)gene
possesses Nuclear Factor (NFB and progesteron®Bbisdi
activated by gtokines signalling which will then together with the progesterone
receptor modulate MUC1 expressigDharmaraj et al. 2010)The activation of the
MAPKandNFe B pat hways in gut and | u-mediatedpi t h e
respnses, has been reported to increase the expression of MUC2, MUC5B and
MUCS5AC (D. Li et al. 1998; Jono et al. 2002; Chu et al. 200®)a previous report

from our group, we have demonstrated that the stimulatiorislukawa 3H12
endometrial cells with flagellin is able to induce the activation ofaNECaballero et

al. 2013) In another report, the stimulation of RL-9%cells with fagellin was able to

induce the production of the pmeflammatory cytokine IE8 which can be mediated by

NF-e B act (Youagtet a.n2004)It is likely that the increases in MUC1 and
MUC16 expression observed arecatelated to this TLR mediated N\+B act i vat i o

The role of mucin 1 overexpression has been suggested as a regulatory mechanism to
avoid exacerbated inflammatory responses mediated by the activation of U&fRs et

al. 2008) This activation primed by flagellin for example could generate a negative
feedback through the epithelial growth factor receptor to phosg@teryhucin 1
intracellular domain. This in term will bind to TLR 5 and inhibit its signalling via

161



MyD88 and the perpetuation of the inflammatory reactigato et al. 2012)The
increase in mucin expression in the reproductive tissue in response to microbial stimuli
implies a challenge to the tract. This will protect the tract from the potential infection
but as it has been proposed, the expression of mucin 1 will also afféaiecrease
embryo attachment to the epitheglMeseguer et al. 2001; Hoffman et al. 1998; Braga &
Gendler 1993)Mucin 1 has been found to be conserved between different mammalian
species as human, miaat, baboon, rhesus monkey, wallaby, marmoset, horse, rabbit,
cow, dog and even whales making it a suitable candidate to exertisfamimatory /

antrimplantation effects among these spe¢i®mmberton et al. 1992)

In summary, the mucosal innate immune mechanisms of the endometrium are diverse
and unspecific, as they need to protect against pathogens of different nature. W
explored the production of mucins in the endometrium as an innate defence mechanism
that will form a physical barrier against the invasion of microorganisms that could
potentially reach and breach the epithelial barrier. This is the first time that the
expression of endometrial mucins has been linked to the activation of TLR 2 and TLR
5. The antiadhesive characteristics of MUC1 and MUC16 and its pattern of expression
along the reproductive cycle make them suitable effector molecules on both immune
resporses and embryo implantation. An enhanced expression due to TLR activation
during implantation or due to a chronic inflammatory process will guarantee the
protection of the endometrium but at the same time seems to prevent an embryo from

implanting.
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6.1 Introduction

Inflammation is one of the bestudied strategies of the innate immune system. Its
initial activation mechanisms are based on the recognition of pathogen associated
molecular patterns (PAMPSs) by pattern recognition receptors (PRRgjzhitov &
Janeway 1997)The activation of the PRRs induces the production cirffammatory
cytokines and surface molecules that will promote inflammatory reactions. The most
studied and bettesharacteésed PRRs are the Tdlke receptors (TLRsjMedzhitov &
Janeway 2002)They can recognise a significant variety of PAMPs from gnegative
bacterial lipopolysaccharides (LPS, by TLR 4), giaositive peptidoglycans (PGN by
TLR 2), diacyl and triacyl lipopeptides (by TLR 2/6 and 2/1 respectively) and bacterial
flagellum (flagellin by TLR 5)J. H. Wang et al. 2003; BuwiBeckmann et al. 2006;
Fitzgerald et al. 2001; Schwandner et al. 199%3thogen genetic material can also be
sensed like intracellular bacterial DNA (CpG by TLR 9), double strandsfRNA

(Poly I:C by TLR 3) and single stranded (ss)RNA (TLR 7 an@\MBtsumoto & Seya
2008; Brown et al. 2011; Bauer et al. 20Q01fven synthetic ligands as
imidazoquinolinelike molecules (TLR 7) and parasitical ligands from ®pbasma
gondi (profilin by TLR 11) are recognised by this syst@awai & Akira 2010) The
ligation of the TLRs will initially induce the formation of horaimers using the
homologue conserved intracellular domain, the TollILreceptor (TIR) or
heterodimers of TLR 2 with TLR 1 and TLR(Bang et al.2009) Once the dimer is
formed two options of signalling will proceed depending on the TLR activated, one
dependent on the activation of the myeloid differentiation factor 88 (MyD88) and the
other MyD88independen¢X. Li & Qin 2005). The activation of TLR 2 or 4 will recruit

the TIR adapter protein (TIRAP) prior to MyD88 but the activation by TLR 5, 7 and 9
will directly recruit MyD88. The MyD88ndependent pathway is mediated by thR Tl
domaincontaining adaptor inducing interfekn  ( TRI F) and S i n
activation of TLR 3(Z. Jiang et al. 20049nd by TLR 4 using the TRiFelated adaptor
molecule (TRAM or TICAM2) (Oshiumi et & 2003)

The classical TLR signalling cascade will promote the activation of the Nuclear Factor
(NFeB that binds to the promot gFig.61BThe egi o
NFFeB transcription f act o-dimersthateegufate differerd by

cellular processes like proliferation, adhesion, cell cycle and immune resiBagdns
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2007) Their function depends on the subunits tloatform the dimer. For example, the

dimer p50/p65 has been found to induce the expression ohflammatory cytokine

genes as U8, TNFU, -6/Ill-1 b a AL (CHerL & Greene 2004)n contrast, the
homodimer p50/p50 has been found to promote -enfilammatory type genes or
repress gene transcriptigRerkins 2007)The main TLR signalling pathway activates a
series of kinases that will phosphorylate the inhibitorof8NB (| a B) and de
|l @B kinase (rKEKY bgmplK&o/ N&EMOKarin &Beb and
Neriah2000) The phosphoryl ation of | aB -aB the
dimer that will traslocate to the nucleus and promote the-ipflammatory gene
transcription(Tian & Brasier 2003)An alternative route of signalling is the activation

of the mitogen activated protein kinases (MAPK) p38, exlialar signalregulated

kinase (ERK) or gun terminal kinase (JNK{Dong et al. 2002)The TLR stimulation

of these MAPK would in term activate theti@ating protein (APJL, composed of the
proteins Jun and Fos, capable to dimerise and transcribanflalmmatory genes
(Kawai & Akira 2007a) Finally, besides the above mentioned transcriptiorofact

TLRs like 3, 7 or 9 that are activated by intracellular pathogens as viruses and bacteria,
promote the activation of the interferon (IFN) regulatory factors 3 and 7 that will
promote the secretion of type | IFN (IR a-bJ t o mevitdl @epomsesa n t i
(Kawai & Akira 2006)

The TLRs have been found differentially expexbsthroughout the different
components of the FRTFazeli et al. 2005) A constitutive production of pro
inflammatory cytokines and antnicrobial peptides is observed throughout the FRT and
varies alonghe cycle to protect it from potential infectiofiténg et al. 2003; Fahey et

al. 2005; Hickey et al. 2013Yhe activation of TLRs in murine uterine cells has been
found to increase thproduction of preinflammatory cytokinegSoboll et al. 2006;
Sheldon & M. H. Roberts 2010)The production of cytokines in responte TLR
stimulation of different human endometrial epithelial cell lines has been observed to be
mainly in response to TLR 3 and 5 activat{@dboussahoud, Aflatoonian, et al. 2010b;
Young et al. 2004; Schaefer et al. 2Q0@e expression of TLRs in the endometrium is
related to the stage ttie menstrual cycle being the highest expression at the secretory
phase, preparing the tissue for a possible embryo implan{éti@ioonian et al. 2007)

The implantation of the embryo is a process that requires a special coordination between
the developing embryo and the cycling uterus of the mother. The endometriunt in late
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secretory phase would have acquired morphological and maleculiir ecept i veo
to facilitate the allocation of the embrylorwitz et al. 2001) Implantation of the

embryo resembles a pioflammatory process as cytokines likellb , -6, IFév0 a n d
MCP-1 are produced by embryo and endometr{iRabertson et al. 2011)sing anin

vitro model of adhesion of tréywblast spheroids to endometrial cells, we have
characterised that the activation of endometrial TLRs 5, 2 and 2/6 can decrease the
percentage of trophoblast spheroid adhesion to endometria({Altdsissahoud, Bruce,

et al. 2010a)Furthermore, a direct activation of the murine TLR 2/6 at implantation
time has been found to significantly affect the endtial architecture, cytokine profile

and decrease the possibility of embryos to impl8anchez Lépez et al. 2014)

As described, TLR activation could induce the production of-ipitammatory
cytokines that could potentialbffect embryonic implantation. It its uncertain if the-NF

a B a ndmedid®ed pathway of TLR activation would directly influence the capacity
of endometrial cells to receive the implanting embryo. For this reason, the aim of the
following chapter is to ltaracterise the role of these two pathways in the endometrial

TLR responses.
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Figure 6.1. The TLR signalling pathway. The classical TLR signalling cascade will promote the activaifathe

Nuclear Factor (NFp B t hat bi nds t o t h eatyparietyofgénes/ponadivatior, g sedbessf of a
kinaseswill be phosphorylaté to activatethe inhibitor of NFe B (| eB) and degrade the | aB
formed bWwWOLKKXKKNE and | KKb. The phosphorylati onoBbf 1| aB
dimer that will translocate to the nucleus and promote thénfleemmatory gene transcription. An alternative route

of signalling is the activation of the mitogentigated protein kinases (MAPK) p38, extracellular sigregjulated

kinase (ERK) or gun terminal kinase (JNK)This will activate the activating protein (AR)or the samé\F-a B

Besides the above mentioned transcription factors, TLRs like 3, 7 or &¢hattivated by intracellular pathogens as

viruses and bacteria, promote the activation of the interferon (IFN) regulatory factors 3 and 7 that will promote the

secretion oftype | IFN (IFNJ  afm)d t o mevidal respopsesa n t i



6.2 Materials and Methods

6.2.1 Assessment of the TLR activation pathway in RL92 cells and its

influence on trophoblast spheroid binding

6.2.1.1 Epithelial cell lines culture

The endometrium was simulated with the human endometrial epithelial cell line RL95

2. The cellswere cultured in T75 flasks at 37°C in DMEMIR (Sigma, Irvine, UK)
supplemented with 1% Penicillin/ Streptom
recombinant insulin; Gibco Invitrogen, Denmark), 1%glutamine (Sigma) and 10%

fetal bovine serum (FBSSigma) at 37°C in 5% CO2 atmosphargil confluency. The

breast carcinoma cell line MCF7 was used as aspecific epithelial cell line. The

MCF7 cells were grown in DMEMA2, supplemented with 10% FBS, 1% P/S, 1% L
glutamine and 160 ng/ml insulin in B/5 flask at 37°C in 5% CO2 atmosphere. At
confluency, cell s were wabsffered salwad (DPBS;Dul b
Sigma), harvested using trypgdiDTA (Sigma) and pelleted by centrifugation at 300 x

g for 4 min. About 5x10RL95-2 cells were transfred to each well of a 2®ell plate

and incubated at 37°C for8days.

6.2.1.2 Transfection of RL95-2 cells with SEAP plasmids containing N6 B a n d
AP-1 binding regions
The RL952 cells were grown in 24 well plates (2Xl&lls) until 70% confluency and
transently transfected with pNiftySEAP for NFe B ex pr essi on (|l nvi\
France) or the pNiftySEAP for ARLl expression using -kemeGENE HP DNA
transfection reagent (Rochi@)a ratio of 1 f pNifty2 or2e o f pNi fty3 per
reagent Briefly, each well of the 24vell plate was replaced with fresh supplemented
media. The mix was prepared using a 1:3 ratio plasmid ansf ecti on r eag:
serumfree DMEM/F12. Supernatant samples were collected and secreted placental
alkaline fhosphatase (SEAP) detected using QUAKITe™ (InvivoGen) according to

manufacturers protocol.
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6.2.2 Adhesion of the trophoblast spheroids to the RL92 monolayer

6.2.2.1 Epithelial cell lines culture

RL95-2 cells were cultured in T75 flasks at 37°C in DMEM/E (Sgma, Irvine, UK)
suppl emented with 1% P/S (Sigma), -5 €49,
glutamine (Sigma) and 10% FBS (Sigma) at 37°C in 5% CO2 atmosphéte
confluency. Then 5xT0Ocells were transferred per well of a 96 blagklled, clear

bottom pate.

6.2.2.2 Formation of JAr cells spheroids

JAr cells were grown in RPMI 1640 (Sigma), supplemented with 10% FBS, 1% P/S and
1% L-glutamine in a T75 flask at 37°C in 5% CO2 atmosphere. At confluency, cells
were washed with DPBS (Sigma), harvested using tryipBilmA (Sigma) and pelleted

by centrifugation at 300 x g for 4 min. To mimic the blastocyst, multicellular spheroids
were formed from the JAr cells (approxim
were counted with a haemocytometer and cultured in &f slipplemented RPMI in 60

x 15 mm Petri dishes. They were cultured overnight on a gyratory shaker at 280 rpm
(JKA, MTS 2/4 digital, Staufen Germany) in a humid atmosphere and 5% CO2 and
37°C. On the next day, the spheroids were transferred to a 35 xn1Beatmi dish and
stained with 0.4 €M Calcein (Life techno
of serumfree RPMI 1640 media for 30 min.

6.2.2.3 Co-incubation of JAr spheroids with endometrial cells and assessment of
the adhesion with a fluorescence platreader

The JAr spheroids were collected in a 1.5 ml tube, allowed to sediment by gravity and
the supernatant was discarded. They wersuspended in 1 mL of PBS and the
equivalent volume containing 50 spheroids was delivered to each well with a confluen
monolayer of the epithelial cells. They wereadtured for 45 min in supplemented
DMEM-F12 at 37°C and 5% CO2. After-aacubation, the initial fluorescence (Fi) was
registered using a microplate fluorescence reader (Spectra Max Gemini XS, Molecular
Devices) between the wavelengths of 495 and 515 nm (Excitation and emission for

calcein). To remove neadherent JAr spheroids from the endometrial cell monolayers,
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plates were washed using a horizontal shaking device (Labman Automation LTD,
Stokesley, UK).The plate was set to shake for 4 min at 200 rpm and the media was
di scarded. Each well was filled with 50
Mg; Gibco Invitrogen) and then set to shake for 4 min at 200 rpm. The PB&j@as
di scar ded a&BICaMgOwere added. fThe final fluorescence (Ff) was
recorded using the microplate reader and the percentage of adhesion was estimated as
follows:

% of spheroid adhesion = (Ff / Fi) * 100
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6.3 Experimental design

6.3.1 Determining activation of NF-e B a n-d asAresult of endometrial

TLR activation

The RL952 cells were transfected with either the pNityr 3 plasmids. On the next

day, the culture media was replaced with seftee DMEM/F12 and the cells were
stimulated with the different TLRgands: 100 ng/mlof FS.LT ( TLR 2/ 6) , 10
PGN (TLR 2), 100 ng/ ml of flagellin (TLR
The supernatants were collected and the SEAP was measured with QUK
(InvivoGen). Data were reported as the folduction of SEAP activity over the nen

stimulated control.

6.3.2 Assessment of the inhibitiors of NF@e B a n-d in /@ endometrial

cell TLR activation pathways

The activity of the inhibitors was verified in the endometrial cells transfected with
pNifty2 (NFa B) and p-Niplasmis3(InvivéGen). The pNifty2 transfected
RL952 cellswerepréd r eat ed or not wi t7082 ir¥ivo&enyfor 2 0 ¢
1 h and then the cells were stimulated with 100 ng/ml of flagellin for 24 h. The pNifty3
transfected R95-2 cells were pr¢ r eat ed or not with 10, 2 C
(I'nvivoGen) for 1 h and then stimul ated
supernatants were collected and the SEAP production evaluated with the QUANTI

blue™ (InvivoGen).

6.3.3 Determining the effect of NFe B a n-d onAtlre adhesion of JAr

spheroids to the endometrial cells

To study the relevance of the NFB acti vati on i n response |
and how can this affect the adhesion of the trophoblast spheroids émdbeetrial
monolayer, the RL92 cells were préreated or not with the NBB an-d AP
inhibitors. NFe B acti vati on was bl -808% €hd inhwbitot for 2 0
p38 MAPK SB203580 (30 elvactivatvam.sThelRERdelld o i n

were pretreated with the inhibitors for 30 min. Thereafter, the RR9%ere either
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stimulated or not with 100 ng/ml of FSL, 10 €9/ ml of PGN or

for 4 and 24 h. Then, 50 calcein stained JAr spheroids were gently delivered into each
well and coeincubated for 1 h at 37°C. Fluorescence was determined in the microplate
reader. Noradherent spheroids were removed and the percentage of adhesion was

determined.

6.3.4 Statistical analysis

The data were expressed as mean * standard error of the (Bieklt). Statistical
analysis was performed using Statistica (V7; Statsoft UK, Letchworth, TH®.data
for NF-e B 0 rl aohvRtion was normalised assuming a value of 1 for the non
stimulated control.The results were compared with ewmay ANOVA test and a
multiple comparison pogest of Dunnett to compare differences against the control
group and a multiple comparison posst of Bonferroni to compare effects between

different groupsP 00.05 was considered to be significant.
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6.4 Resuls

6.4.1 Activation of the TLR signalling pathway in endometrial cells after

stimulation

6.4.1.1 The activationof NFe B i n the endometri al cell s

treatment

The treatment of the endometrial cells with flagellin was able to increase significantly
NFFeB activity after 24 h (1.9 N 0.2; p <
found a significant increase compared to thsto of the treatment®.8 + 0.8; p <

0.05). The treatment of the cells with F&Lor PGN was unable to increase this

activation in either 4r 24 h of stimulation (Fig. 6)2

6.4.1.2 The TLR 5 mediated activation of NFe B was prevented b

treatment of the endometrial cells with Bay117082

The treatment of the RL95 cel | s wi t h 10 -7@82 was @n@blegoM o f
inducethe NFe B a c t The pettreament of thecellsvi t h 10 e-F8f Ba
and activabn with flagellin was not effective nor significan as NB Bdecreased

slightly comparedo the flagellin treatment(2.1 £ 0.1 vs 2.31p <0.204). In contrast,
thepret r eat ment of t he c er08R significantlyhdecd&sedghiel o f
flagellin induced NFe B a oon (1.4 a( 1; p < 0.05; Fig. §.3
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Figure 6.2. Activation of NF-aB in RL95-2 cells after TLR stimulation. The RL952 epithelial endometrial cells

were transfected with the pNifty2 plasmid containing a secreted alkaline phosphatase (SEAP) reporter promoted by 5
aB binding regions. The celolTdR 246e(10@ ngntASIhY | a & R i t(HL Ot e
PGN) and TLR 5 (100 ng/ml flagellin) for 24 and 4 h. SEAP production was measured and results represented as fold

of NF-o Bchangewhen theuntreated contrdk one Results were compared with a Giay ANOVA followed by a

Bonferroni postest. * p < 0.05 was considered significant compared to the rest of the conditions.
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Fold of NF-xB Activation

Figure 6.3. Pre-treatment of the RL95-2 cells with Bay117082 inhibitedthe flagellin-induced NFe B a c t iTive&L9B2oepithelial endometrial cells were transfected with the pNifty2
plasmid containing a secreted al kaline phosphat as etreits BithRlifferentengemtratioasrof Baytbrmd 2 e(d1l b ya rbd aBO0 bg

for 1h and then treated with the TLR 5 ligand (100 ng/ml flagellin) for 4h. SEAP production was measured and resultedegsdstthof NFo B eatioh ¢hangegonsidering theintreated
controlas oneReslts were compared with a OiWday ANOVA followed by a Bonferroni pogest. The conditions marked in a are significantly different from the conditions marke(pas b

0.05).
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6.4.1.3 The treatment of the RL952 cells with different TLR ligands was able to
modify the activation of AP-1

The treatment of the endometrial cells with Poly I:C was able to increase significantly
the activity of AR1 in both 24 and 4 h (1.7 + 0.1 and 1.8 + 0.4; p < 0.05) compared
with the stimulation with Flagellin, FS11 and PGNFig. 6.4.

6.4.1.4 The TLR 3-mediated activation of AR1 was ablated by the p38 MAPK
inhibitor SB203580

The pretreatment of the RL92 cells with the p38 inhibitor SB203580 was able to
decrease the Poly I:C activation of the endometrial cells. Té&aergatment of the cells
with 10 &M of SB203580 -bkactyationfcompaedtolthe r e c
Poly I:C stimulated control (1.6 £ 0.1 vs 2.1 + 0.1; p < 0.08gtreatment of the cells
with 20 €M and 30&eM of SB 20uBHbARCactivadostoa b | e
a basal leveklose to 1 The treatment of the cells with different concentrations of SB

did notmodify AP-1 activation (Figure 6)5
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Figure 6.4. Activation of AP-1 in RL95-2 cells after TLR stimulation. The RL952 epithelial endometrial cells

were transfected with the pNifty3 plasmid containing a secreted alkaline phosphatase (SEAP) reporter promoted by 5
AP-1 binding regions. The cells wergnsulated with the ligands for TLR 2/6 (100 ng/ml F$L) , TLR 2 (10 ¢
PGN) , TLR 5 (100 ng/ ml flagellin) and TLR 3 (10 eg/ ml
and results represented as fold of- APhangewhen theuntreated contrdk one Results were compared with a Gne

Way ANOVA followed by a Bonferroni podest. * p < 0.05 was considered significant compared to the rest of the

conditions.
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6.4.2 The pre-treatment of the endometrial cells with TLR signalling

inhibitors affected the binding of the trophoblast spheroids

The 24 h TLR stimulation of the endometrial cells with FISand PGN decreased the
adhesion of the JAr spheroids but only the effect of flagellin stimulatas
significantly different from the untreated control (51.8 £ 5.8% vs 71.3 + 2.8%; p <
0.05). The prareatment of the cells with Bay471082 and SB203580 decreased the
adhesion of the spheroids compared to the untreated cells. This reduction was
significantly different between the SB203680 treated cells and the untreated control
(52.7 £ 4 %; p < 0.05). The SB203580 inhibition of the TLR stimulated endometrial
cells was unable to restore the adhesion of the spheroids compared to the untreated,
Bay11-7082 ad SB203580 controls (Fig. §.6

The stimulation of the endometrial cells with the TLR 2/6, 2 and 5 ligands for 4 h
significantly decreased the adhesion of the spheroids to the endometrial monolayer
compared to the untreated control cells (57.7 £ 3.198 #8B.7% and 47.9 £ 4.4% vs

71.1 + 3.2% respectively; p < 0.0001). The-peatment of the cells with Bayi7082

and SB203580 was unable to significantly affect the adhesion of the spheroids

compared to the untreated control.

The pretreatment of the dis with Bay117082 was unable to restore the adhesion of
the spheroids to the FSL, PGN or flagellin treated cells compared to the only Bayl1l
7082 pretreated control (72.1 £ 4.0). Nevertheless, an increase in spheroid adhesion
was observed when cells meepretreated with Bay147082 and then treated with PGN

and flagellin, compared to the only ligand treated cells (55.8 £ 3.1% vs 49.8 + 3.7% and
57.4 + 3.2% vs 47.4 + 4.4% respectively).

The SB203580 prereatment was unable to restore the JAr spheaditkesion to the
FSL-1 and flagellin stimulated cells compared to the only SB20358@ga&ed control

(46.9 + 4.1% and 45.9 £ 4.9% vs 64.6 + 3.6 %; p < 0.005). In contrast, the adhesion of
the spheroids increased when the endometrial cells weteepted with SB203580 and

then treated with PGN (59.7 + 5.6 %) although no significant difference was observed
with the onlyPGN treated cells (49.8 + 3.7%; Fig. §.6
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Figure 6.6. Pre-treatment of the RL95-2 cells with NFaB and AP-1 inhibitors affected the TLR-induced reduction of JAr spheroid adhesionRL95-2 cells were préreated with Bayl1

7082 (20 €M) and SB203580 (30 e€M) for 1 h. OmbhmlFS:2) | sTWBRr2 ¢éiDmebgambdPBN) hahdeTLRga&8n¢d4§g
h. 50 JAr spheroids were stained with calcein, delivered armlilbared with the endometrial cells for 1 h. The fluorescence of the spheroids was measured, the plasedvasdifinal

fluorescence determined. The results are expressed as percentage of attachment. Differences were assessedgayithNOMefollowed by a postest of Dunnett for differences between

treatment and controls. < 0. 05 wasi camtsi dered signif
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