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Abstract

Human pre-implantation embryos display a high prevalence of aneuploidy and
chromosomal mosaicism, unigue from any other species. The decreasing incidence
of aneuploidy observed between the cleavage and blastocyst stages of pre-
implantation embryo development infers a degree of ‘self-correction’ following
activation of the embryonic genome. However, contrary to the previous assumption
that only euploid embryos should be considered ‘normal’, new evidence has
confirmed that mosaic embryos can result in the birth of healthy babies. Thus,
aneuploidy should be viewed as an intrinsic feature of human pre-implantation
embryo development, which presents a novel challenge at implantation. The
endometrium must implement both positive and negative selection, in order to limit
maternal investment to only viable embryos. The ability of the endometrium to act as
a ‘biosensor’ of embryo quality has been well documented yet there is little direct

evidence for the key regulators of this process.

For the first time, we demonstrate a biological context for embryo biosensoring.
Firstly, we discover novel embryo-secreted proteases that are enhanced at the
blastocyst stage and relate to implantation outcome upon embryo transfer.
Secondly, we identify corresponding protease-sensitive receptors in the
endometrium, heightened during the window of implantation. By demonstrating the
cleavage and de-activation of endometrial toll-like receptor 4 (TLR4) by embryo
conditioned medium, we link successful implantation to a diminished inflammatory
response. Furthermore, we demonstrate that TLR4 levels in the endometrium
constitute a selectivity checkpoint, which is supressed in women suffering from

recurrent miscarriage (RM).
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Chapter 1

Introduction




1.1 The Human Endometrium

The endometrium constitutes the inner, mucosal layer of uterus. It acts as a lining to
maintain patency of the uterine lumen by preventing adhesions between the two
opposing myometrial layers. The primary reproductive function of the endometrium
is to provide a nutritive microenvironment which supports viable embryo implantation
(Tabibzadeh, 1998). Beyond implantation, the endometrium provides structural and
nutritional support to the foetus and aids the removal of waste products. Thus the
endometrium is an exceptionally adaptable tissue. Continuous, regular cycles of
proliferation, differentiation and degeneration occur under the influence of ovarian
steroid hormones throughout female reproductive maturity. Shedding of the
functional endometrial layer takes place in the absence of an implanting embryo yet
astonishingly the tissue is completely restored within just 2 weeks (Knobil, 2013).
Re-establishment of the functional endometrial layer and priming of the tissue by
oestrogen and progesterone restores its receptive state once again. The means by
which the endometrium is regenerated is highly intricate and the underlying
processes have not yet been established. Yet this process is understood to involve
proliferation, angiogenesis, differentiation, epithelialization and extracellular matrix
remodelling (Groothuis et al., 2007). In recent years, the focus has shifted to the role
of endometrial stem / progenitor cells in cyclic endometrial regeneration (Gargett et al.,

2015).

1.2 Structure of the Endometrium

The endometrium can be subdivided into two key layers; the stratum functionalis and
the stratum basalis (Figure 1.2.1). The stratum basalis remains comparatively
constant from cycle to cycle, whilst the stratum functionalis is dynamic and transient.
Responsivity to ovarian steroid hormone results in cyclic expansion and
vascularisation of the stratum functionalis before it becomes sloughed off during

menstruation. In the event that an embryo implants, the basalis and the stratum

2



functionalis are maintained and in conjunction with the myometrial junctional zone
contribute to the maternal fraction of the placenta (Brosens et al., 2002). Adjacent to
the uterine lumen a single layer of prismatic epithelial cells coats the apical edge of
the stratum functionalis. Yet beneath the basal lamina, stromal cells comprise the
large majority of this highly vascularised cellular compartment (Rogers, 1996). The
myometrium forms an underlying smooth muscle layer, composed predominantly of
uterine myocytes. It provides structural and vascular support to the endometrium
although its primary function is to permit uterine contractions at parturition. Radial
arteries situated within the myometrium provide vascular support to the overlying
endometrium by dividing first into basal arteries which supply the stratum basalis and
then into spiral arterioles which supply the stratum functionalis. The
characteristically coiled spiral arteries are unique amongst the uterine blood vessels
in that they exhibit selective sensitivity to the cyclic hormonal changes of the
menstrual cycle. This was most elegantly observed via the transplantation of
endometrial fragments into the eye chamber of rhesus monkeys (Markee, 1978).
The fragments implanted and developed on the iris but soon regressed upon
progesterone and estradiol withdrawal. Subsequent coiling of the spiral arterioles
and venostasis were succeeded by alternating episodes of vasaodilation,
vasoconstriction and bleeding of perivascular cells (Markee, 1978). The perivascular
cells surrounding spiral arterioles are also sensitive to progesterone changes and
produce inflammatory factors including cytokines and prostaglandins (Henriet et al.,
2012). Although the exact mechanism of tissue breakdown is not yet fully
understood, spiral arterioles may play a role in menstruation by regulating their own

vasoconstriction and leukocyte influx (Henriet et al., 2012).

The stratum functionalis also contains uterine glands, tubular invaginations, lined
with columnar epithelial cells. The primary function of the uterine glands is to provide

nutrition to a developing conceptus via histotroph secretion (Gray et al., 2001). Due



to their topology within the functional layer of the endometrium, the appearance and
secretions of the uterine glands fluctuate throughout the menstrual cycle. During the
secretory phase of the menstrual cycle the uterine glands become enlarged and

secretory.

In developed countries women of reproductive age are thought to undergo, on
average, 400 menstrual cycles in their lifetime. Progenitor cells required for the
regeneration of the stratum functionalis at each menstrual cycle are thought to
originate from the enduring stratum basalis. Only recently has evidence for the
presence of endometrial progenitor (or stem-like) cells with a role in cyclic
remodelling emerged (Chan et al., 2004, Gargett and Masuda, 2010, Masuda et al.,
2010). Mesenchymal stem-like cells (MSCs) reside within the endometrium and a
population of stromal cells have been isolated that display multipotency,
clonogenicity, immunoprivilege and the ability to contribute to endometrium upon
transfer into mice via xenograft (Gargett and Masuda, 2010, Miyazaki et al., 2012,
Wolff et al., 2007). Various techniques have been adopted in order to isolate
endometrial stromal cells enriched in MSCs. Current indications are that endometrial
stem-like cells are derived from the stratum basalis but may also be found within the

stratum functionalis due to their identification in menstrual blood (Patel et al., 2008).
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Figure 1.2.1: Diagram of the Human Endometrium

The human endometrium is formed of two components, the stratum functionalis and the stratum basalis. The stratum functionalis becomes

remodelled each cycle whereas the stratum basalis remains constant. The apical surface of the endometrium is covered with a single layer of

luminal epithelial cells and invaginations from the lumen form the uterine glands. Underlying stromal cells constitute the majority of the

endometrium and stem-like cells from the stratum basalis permit the regeneration of the stratum functionalis each cycle. The endometrium is

highly vascularised with the spiral arteries in the stratum functionalis originating from blood vessels in the underlying myometrium. Adapted from
(Muter, 2015).



1.3 The Menstrual Cycle

Females achieve reproductive fithess due to cyclical modifications that occur in the
endometrium as a result of fluctuating ovarian steroid hormone levels. These
alterations result in distinct phases of proliferation, differentiation, inflammation,
apoptosis and regeneration, which constitute the menstrual cycle (Figure 1.3.1). The
proliferative phase encompasses days 5-13 of a 28 day cycle and results in
thickening of the endometrial lining from 1-2 to 7-8 mm due to increasing oestrogen
production by the granulosa cells residing within the ovarian follicle. The thickening
results from mitotic proliferation of the endometrial stromal cell compartment, which
occurs alongside lengthening of spiral arteries and the formation of narrow uterine
glands by proliferation of endothelial and epithelial cells, respectively (Brosens et al.,
2002, Gray et al., 2001). The secretory phase is initiated when heightened serum
oestrogen levels induce a surge of luteinising hormone (LH), which in turn acts upon
the corpus luteum to promote progesterone production. This post-ovulatory rise in
progesterone halts the proliferative process and initiates a highly coordinated
differentiation process. The secretory phase endows this newly thickened
endometrial lining with a receptive phenotype capable of supporting embryo
implantation and development through vast morphological and physiological
changes. The spiral arteries become highly coiled, whilst uterine glands widen, coil
and exude a glycogen-rich secretion. Areas of local oedema occur within the stromal
layer, the extracellular matrix undergoes substantial remodelling and there is an influx
of specialised innate immune cells termed uterine natural killer cells (UNK) (Gellersen
and Brosens, 2003, Gellersen and Brosens, 2014, Hanna et al., 2006). Around day
23 of the cycle, coinciding with the closure of the putative window of implantation,
stromal fibroblasts are transformed into specialized decidual cells (see section 1.4).
In the presence of a viable, implanting embryo trophoblast-derived human chorionic

gonadotrophin (hCG) maintains the corpus luteum and upholds progesterone



production permitting the continuation of this supportive environment. In the absence
of a viable embryo the corpus luteum will degenerate, resulting in declining
progesterone levels which initiates a chain of events culminating in proteolytic

breakdown and menstruation.

Humans, fruit bats, elephant shrews and some old world primates are the only
species who experience menstruation via monthly shedding of the endometrium
(Emera et al., 2012) and display cyclic decidualization, which occurs spontaneously
irrespective of the presence of an embryo. In these mammals menstruation and
decidualization occur as a result of low and high serum progesterone levels,
respectively. Menstruation emulates an inflammatory response highlighted by the
high numbers of leukocytes within the endometrial compartment which, prior to
menstruation, make up 40% of the entire cell population (Salamonsen et al., 2002).
Leukocytes assist the release of pro-inflammatory cytokines, whilst matrix
metalloproteases (MMP) induce degradation of the extracellular matrix. Local
prostaglandins cause sudden constriction of the spiral arteries leading to ischaemia

and shedding of the superficial endometrial decidual cells.

Menstruation is widely viewed as a process of re-initiating a cycle of endometrial
preparations for implantation in the absence of a pregnancy. There have been
various theories as to why menstruation would be evolutionarily advantageous. It
may be that menstruation alleviates the metabolic pressures of supporting a
continuously receptive endometrium (Strassmann, 1996) or prevents unnecessary
maternal investment in a non-viable conceptus (Teklenburg et al.,, 2010a). The
theory of uterine pre-conditioning suggests that exposure to repeated episodes of
inflammation and oxidative stress associated with cyclic shedding and renewal of the
endometrium and its vasculature serve to prepare the endometrium for deep

placentation and protect against hyper-inflammation (Brosens et al., 2009).
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Figure 1.3.1: The Menstrual Cycle

The menstrual cycle occurs under the cyclical influence of the ovarian steroid hormones
estradiol and progesterone. It can be divided into the follicular and luteal phases. In the

follicular phase the endometrium is shed at menstruation and regenerated via the

proliferation of endometrial stem cells under the influence of E,. In the luteal phase,

following ovulation, a rise in progesterone halts the proliferative phase and initiates a
highly coordinated differentiation process that cumulates in the decidual transformation of
the endometrium. Decidualization endows the endometrial stromal cells with migratory

and selective capabilities required for embryo selection. Adapted from (Cha et al., 2012).



1.4 Decidualization of the Endometrium

Decidualization denotes the extensive remodeling process that the endometrium
must undergo to support an implanting embryo. The decidual process is foremost
characterised by the morphological transformation of elongated stromal fibroblasts
into rounded, secretory decidual cells. This process is initiated during the mid-luteal
phase of the cycle, coinciding with the endometrium transiently acquiring a receptive
phenotype (Figure 1.4.1), although the characteristic decidual cell morphology in
vivo becomes more prominent during the late-luteal phase. This ‘window of
implantation’ starts approximately 6 days after the surge in luteinizing hormone (LH)

and is thought to last no longer than 2-4 days.

Decidualization is induced by sensitization of the oestrogen-primed cells to a post-
ovulatory rise in progesterone and rising intracellular cyclic adenosine
monophosphate (CAMP) levels during the luteal phase. This remodeling process is
first initiated at terminal spiral artery sites before extending throughout the
endometrium and is accompanied by an influx of specific immune cells (Gellersen

and Brosens, 2003).

A complex system of signaling pathways, transcription factors and cross-talk
underlies this decidual reaction (Christian et al., 2002). The resulting morphological
and biochemical changes are dramatic and involve the secretion of prolactin (PRL),
insulin-like growth factor binding protein-1 (IGFBP-1) and numerous other factors,
including; the NODAL-signaling pathway inhibitor LEFTY2, BMP2 (bone
morphogenetic protein 2) and WNT4 (wingless-type MMTYV integration site family,
member 4) (Gellersen and Brosens, 2003, Gellersen et al., 2007, Gellersen and
Brosens, 2014). Modifications at the cellular level include; extracellular matrix and
cytoskeletal remodeling, expansion of cytoplasmic organelles and acquisition of a

secretory phenotype, transcription factor modulation and altered expression of



numerous intracellular enzymes and signalling pathways (Gellersen and Brosens,
2014). Importantly, the decidual phenotype is not static. Instead, human
endometrial stromal cells (HESCs) transit through distinct functional phenotypes,
characterized initially by an acute pro-inflammatory response, which is followed by
an anti-inflammatory response and acquisition of the characteristic rounded decidual
cell morphology. The transient inflammatory stromal response induces the
expression of receptivity genes, including leukemia inhibitory factor (LIF),
interleukin-1 beta (IL-18) and heparin-binding EGF-like growth factor (HB-EGF)
(Salker et al., 2012); whereas acquisition of a mature decidual phenotype coincides
with closure of the window. Failure to establish a receptive phenotype or premature
closure of the receptivity window inevitably leads to implantation failure (Koot et al.,
2016). Conversely, a disordered and prolonged pro-inflammatory decidual response
promotes out-of-phase implantation and is associated with miscarriage (Muter et al.,

2015, Salker et al., 2010, Salker et al., 2012).

The endometrium at implantation is characterized by an abundance of immune cells,
predominantly uNK cells, macrophages and dendritic cells. These accumulate
around the trophoblast cells at the implantation site (Mor et al., 2011). Yet, rather
than inducing rejection of the embryo, as in the tissue allograft model, the influx of
immune cells during decidualization promotes implantation and placentation. In
fact, a depletion of immune cells in the decidua results in termination of pregnancy
(Cha et al.,, 2012). The process of implantation may thus be described as
secondary to the development of a pro-inflammatory phenotype (Cha et al., 2012).
During implantation, uNK cells are crucial for trophoblast invasion, enabling the cells
to permeate the stroma and reach the endometrial vascularity (Mor et al., 2011).
Maternal immunologic tolerance of the embryo is achieved through entrapment of
dendritic cells by decidual cells (Cha et al., 2012). This prevents a T cell-mediated

immunological reaction by preventing contact of maternal T cells with fetal or
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placental antigens. Epigenetic changes upon decidualization silence inflammatory
chemokine genes, restricting chemokine expression within the decidua and
preventing the recruitment of activated T cells to the sites of inflammation (Cha et
al., 2012). Moadifications during the transformation of HESCs into decidualized
endometrial stromal cells (DESCs) also enable the maintenance of progesterone
signalling and cellular homeostasis under the oxidative stress conditions imposed by
pregnancy. Silencing of c-Jun N-terminal kinases (JNK) in DESCs averts
hypersumoylation in response to reactive oxygen species (ROS) preventing

transcriptional inhibition of the progesterone receptor (Leitao et al., 2010).

Errors during decidualization have been connected to adverse events later in
pregnancy including placental defects, growth restriction and pre-term birth. Risk
factors found to induce cellular senescence are also responsible for triggering pre-
term birth. Furthermore, pre-term birth is more prevalent amongst women of
advanced maternal age, suggesting a role for senescence in the induction of
parturition. Mice with a uterine deletion of transformation-related protein 53 (Trp53)
display normal implantation accompanied by increased rates of pre-term birth, fetal
dystocia and death. Interestingly, these mice also exhibit defective decidualization
and display higher levels of terminally differentiated, polyploid stromal cells. More
recently, recurrent miscarriage (RM) has been associated with increased premature
senescence of HESCs, resulting in aberrations of the decidual secretome that

orchestrate early implantation events (Lucas et al., 2015).

Simultaneous to decidualization, histotrophic support is initiated, ensuring long-term
growth and survival of the conceptus (Brosens et al.,, 2014, Burton et al., 2002).
Due to the invasive nature of human implantation, perfusion of the developing
conceptus was thought to provide nutritional support in the early stages of

pregnancy. However, plugging of distal portions of the spiral arteries by
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cytotrophoblast cells restrict significant blood flow to the placenta until 10-12 weeks
of gestation (Hustin and Schaaps, 1987, Burton et al., 1999). Histotrophic support
by uterine glands, HESC secretions and plasma filtrate from the endometrial
vasculature is thus thought to support embryo and fetal development during the first
trimester (Burton et al., 2002). An anaerobic, histotrophic environment is thought to
be optimal for cellular differentiation during eutherian organogenesis as it minimises
DNA damage and ROS (Burton et al., 2002). Uterine gland secretions enrich
placental development during this phase, producing immunosuppressive cytokines
that allow maternal tolerance of the placenta and assist remodelling of the utero-

placental vessels (Burton et al., 2002).
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Figure 1.4.1: Decidual Transformation

Decidualization occurs in the mid-secretory phase of the menstrual cycle following a post-
ovulatory rise in progesterone. Decidualization of HESCs can be achieved in vitro by
treatment with a cell permeable cCAMP analogue (8-br-cAMP) and a synthetic progestin
MPA. Adapted from (Wiley, 2015, Brosens et al., 2014).
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1.5 Implantation

Implantation has been historically described as a step-wise process involving (a)
apposition of a polarised embryo to the maternal luminal epithelium (b) adhesion of
the embryo to the epithelium at a specific site and (c) invasion resulting from
migration of both stromal and trophoblastic cell types, until the embryo is fully

encapsulated within the endometrium.

In the pre-existing step-wise model of implantation, the embryo was seen as the
sole determinant of implantation outcome, actively invading a relatively passive
endometrial matrix. This was supported by evidence of aggressive invasion of spiral
arteries by endovascular extravillous trophoblast cells, in a manner likened to
tumour metastasis (Ferretti et al., 2007). However, this view has since shifted in line
with evidence for the endometrium in regulating the timing and extent of embryo

invasion.

In humans, cyclical maternal preparations initiated by steroid hormone changes
prime the endometrium for potential implantation and bestow spatiotemporal control
over embryo implantation through the instruction of a ‘window of implantation’, as
discussed previously (Koot et al., 2012, Gellersen and Brosens, 2003). This phase
of receptivity occurs between day 20 and day 24 of the menstrual cycle (LH + 6 and
LH + 10) and acts as a self-limiting time frame to ensure the synchronicity of
endometrial and embryonic development. The restriction of endometrial receptivity
in this way thus acts as a quality control mechanism which reduces the chance of

maternal investment in non-viable embryos.

At the embryo-maternal interface during the time of implantation, overlying
endometrial epithelial cells first make contact with the trophectoderm layer of the

blastocyst. The endometrial epithelium has traditionally been viewed as a barrier to
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implantation following evidence that mouse blastocysts could implant at any stage
upon damage to this cellular compartment (Cowell, 1969) (Figure 1.5.1). Whether
or not the luminal epithelium is a true barrier to implantation in humans has recently
been challenged (Lucas et al., 2013). A barrier is essential in polytocous species,
such as mice, where reproductive success is critically dependent on synchronized
implantation of multiple blastocysts. Mouse embryos are capable of temporarily
suspending development while awaiting the right maternal signals for implantation, a
process termed embryonic ‘diapause’ (Lopes et al., 2004). This maternal signal is a
surge in ovarian estradiol, which triggers synchronized implantation of
chromosomally stable mouse embryos (Hamatani et al., 2004). However, human
embryos do not normally exhibit diapause, are highly invasive and often
chromosomally unstable (as discussed in section 1.9). In view of these
characteristics, it has been argued that human embryos may rapidly breach the
luminal epithelium unimpeded. Furthermore, recent co-culture studies have
demonstrated the ability of DESCs to actively migrate towards and engulf hatched
blastocysts (Grewal et al., 2008, Teklenburg et al., 2010b). In this model,

implantation is critically determined by the initial embryo-decidual cell interactions.

Clues to the mediators of implantation require an understanding of the synchronised
changes in both the endometrial milieu and the embryo at the time of implantation.
In vitro cell cultures, animal models and clinical studies have enabled further
understanding of the key factors involved at implantation (Table 1.5.1). Yet
distinguishing between the maternal and embryonic contributions to successful
implantation, as well as recognising the intra-species differences, provide ongoing

challenges to this area of research.

Gene deletions, primarily in mouse models (Table 1.5.2), and expression profiling of

human endometrial samples propose a preserved network of regulatory genes and
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factors as critical in establishing a state of endometrial receptivity (Teklenburg et al.,
2010a). The use of microarray technology has generated a wealth of gene
expression data that requires further annotation and investigation in order to
establish key regulators of the implantation process (Koot et al., 2012).
Transcription factors, growth factors, cytokines and adhesion molecules have all
been implicated in this pathway but not yet conclusively enough to be applied to the

therapeutic setting of pregnancy failure.
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Table 1.5.1 Key Factors at Implantation

Features

Role in Implantation

References

Cadherins

IL-1

IL-6

Required for calcium dependent cell-to-cell
adhesions

Pro-inflammatory cytokine able to induce a range
of responses in a variety of cell types

Produced by macrophages, trophoblast and
stromal cells.

IL-1 agonists, IL-1a and IL-18, are ubiquitously
expressed in stromal, epithelial and endothelial
cells. YetIL-1a is expressed more strongly in
human endometrium and upregulated in LE during
the secretory phase

Attributed to integrin regulation (increased integrin
B3 expression seen in HEEC cultures
supplemented with IL-1)

Induces an immune response upon secretion by T-
cells and macrophages

IL-6 receptors are detectable in both endometrium
and blastocyst during implantation indicative of a
paracrine/autocrine role

P4 dependent expression of E-cadherin via
calcitonin.

E-cadherin downregulation is thought to be
involved in embryo invasion.

Thought to mediate embryonic-endometrial cross-
talk at implantation

IL-1 deficient mice are able to achieve pregnancy,
yet implantation rates fall with injections of an IL-1
receptor antagonist

IL-1 secretion by human embryos is quantifiable by
ELISA in samples of embryo conditioned media, in
contrast to IL-6 which was undetectable

Levels in ECM are higher from successfully
implanted embryos compared to those that failed
to implant

IL-6 deficient mice display reduced fertility due to
implantation defects

Abnormal IL-6 expression has been reported in
RM patients

Expression higher in HEECs than DESCs and
induced by IL-1 in DESCs

Li et al., 2002; Achache and
Revel, 2006

Simon et al., 1994; Baranao
et al., 1997; Simoén et al.,
1997; Tabibzadeh and Sun,
1992

Achache and Revel, 2006;
Lim et al., 2000; Cork et al.,
1999; Von Wolff et al.,
2000; Laird et al., 2003;
Laird et al., 1994
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Integrins

Leukaemia inhibitory
factor (LIF)

Transmembrane glycoproteins involved in cell
adhesion

Identified as regulators of implantation in both the
human and mouse

o3, asP1, agPsand o,fs are expressed on the
outer surface of blastocysts

A secreted glycoprotein that affects cell growth by
regulating differentiation

Promotes trophoblast differentiation toward an
anchoring extravillous phenotype

Co-culture of embryos with LIF expressing
embryonic trophoblasts and recombinant LIF
significantly enhanced blastocyst development,
expansion and hatching

Present in human endometrium and peaks in the
secretory phase of the menstrual cycle

LIF receptor mRNA has been identified on human
blastocysts in vitro

Enhanced embryo development in the presence of
LIF at the late developmental stages (morula and
beyond)

Display steroid activation, up-regulation during the
receptive phase (aVp3 expression coincides with
the WOI)

Widely implicated in endometrial receptivity
(Aberrant aVB3 expression in unexplained
infertility), embryo apposition and adhesion

Proposed role in embryo spacing in mice

Extent of their individual significance, mechanism
of action and cross-talk in human pregnancy
remains controversial

Increased in uterine flushings of fertile women
between days LH+7 to LH+12. Levels were lower
in women suffering from unexplained fertility (on
day LH+10)

Basal levels in HEECs differ according to biopsy
timing, being highest at the late proliferative and
early secretory phases

High doses of estradiol and progesterone reduce
LIF levels in HEECs in vitro

Maternally controlled LIF expression in
endometrial glands is highest at the time of
implantation (in mice)

Application of LIF receptor antagonist (PEGLA) to
timed endometrial biopsies impaired blastocyst
attachment

Down-regulation of AKT and up-regulation of
Caspase-3 activation, in the absence of LIF,
indicate a role in regulating apoptosis at

Aplin, 1997; Quenby et al
2007; van Mourik et al.,
2009; Klentzeris et al.,
1993; Lessey et al., 1995

Stewart et al., 1992;
Dunglison et al., 1996;
Jurisicova et al., 1999;
Lalitkumar et al., 2013;
Nachtigall et al., 1996;
Kauma and Matt, 1995;
Tsai et al., 1999;

Arici et al., 1995; Charnock-
Jones et al., 1994; Kojima

et al., 1994; Bhatt et al.,
1991; Laird et al., 1997
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Micro RNA (miRNA)

Mucins

Pinopodes (endometrial
apical plasma membrane
protrusions)

Addition to media reported to increase blastocyst
formation rates from 18.4% to 43.6%, but
contradictory evidence exists

Stromal secretion of LIF is enhanced by
embryonic IL-1, TNFa, PDGF and TGFf

Involved in post-transcriptional regulation of gene
expression though regulation of mMRNA stability

Highly glycosylated, large molecules found on
apical LE cells

Protect the mucosal surface from infection and the
action of degradative enzymes

Seen as a barrier to implantation as they cover the
endometrium

Loss of electronegative sulphated glycan from
MUC-1 in the apical LE should encourage
apposition of the blastocyst

Present on apical surface of LE during WOI
Progesterone dependent expression

Involved in endocytosis and pinocytosis
Expressed throughout the luteal phase and early
pregnancy

implantation

LIF-/- mice display impaired implantation (partially
corrected by peritoneal infusion of LIF) yet LIF-/-
blastocysts implant in wild-type pseudopregnant
recipients

RIF patients display reduced LIF induction from
the proliferative to secretory phase

However recombinant LIF administration to RIF
patients failed to increase
implantation rates

13 miRNAs (that putatively regulate the expression
of 3800 genes) were found to be differentially
expressed in endometrial samples of RIF patients,
compared to controls

MUC-1 is cycle dependent and acts as a barrier to
implantation in mice

Progesterone and estradiol priming induces up-
regulation of MUCL in receptive endometrium

Human blastocysts express MUCL1 in the TE and
increase MUC1 expression in EEC but induces
paracrine cleavage at the implantation site

RIF patients display low MUC-1 levels

Originally thought to assist embryo apposition

No direct role in embryo-endometrial interactions
High level of inter-patient variation regarding their
timing within the uterus

Expression not restricted to the WOI

Revel et al., 2011;
Kuokkanen et al., 2010

Aplin et al., 1996; Aplin,
1997; Meseguer et al.,
2001

Bentin-Ley, 2000;

Nikas et al., 1995; Nikas
and Psychoyos, 1997;
Quinn et al., 2007
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Prostaglandins

Selectins

Modulators involved in immune cell suppression,
widely implicated in providing an integral maternal
contribution to implantation

Possess vasoactive factors which allow access to
the maternal vascular system

Synthesised by cytosolic phospholipase A2
(cPLA2), COX-1 and COX-2 enzymes,
upregulated by P4

Studies of Ptsg2-/- mice highlighted the
importance of PGI, and proposed a
complementary role for prostaglandin-E2 (PGE-2)
in implantation

PGE, acts synergistically with estradiol and MPA
to enhance differentiation of HESCs in a dose
dependent manner

PGl, acts via IP (PGI, receptor) activating
extracellular signal regulated kinase (ERK1/2) and
up-regulating pro-angiogenic genes via interaction
with EGFR

Single chain transmembrane glycoproteins
involved in cell adhesion

Delayed implantation in cPLA2 knockout mice,
rescued by exogenous PG administration

Reduced cPLA2a and COX-2 expression in RIF
patients

Impaired implantation in estrogen stimulated mice
treated with indomethacin (prostaglandin
production inhibitor), restored upon PGE,
treatment (10ug/6ul dose)

PGE; is increased in endometrial fluid during the
WOI in humans and in LE during the peri-
implantation period in mice

The exact role at implantation has been
guestioned as PGE-2 receptor (EP2) null mice
displayed diminished ovulation rather than
decidualization or implantation defects

lloprost, a stable PGI, analogue, enhances
hatching of murine blastocysts and promotes
implantation and live birth rates in cattle

Binding of L-selectin on the embryo surface to
carbohydrate ligands on the maternal epithelium
was found to generate a physiologically relevant
interaction which enables orientation of the ICM
towards the apical epithelium and promotes
attachment in human implantation

Impaired adhesion results from the application of
L-selectin antibodies, but L-selectin deficient mice
were found to be fertile

Holmes et al., 1990;
Holmes and Gordashko,
1980; Frank, 1994; Vilella
et al., 2013; Lim and Dey,
1997; Matsumoto et al.,
2001; Lim et al., 1999;
Milling Smith, 2006; Huang
et al., 2004; Song et al.,
2009

Dominguez et al., 2005;
Genbacev et al., 2003

21



Table 1.5.2 Genes Critical to Implantation: Results of Mouse Knockout Models

Gene Molecule encoded (Putative function) Knockout phenotype in females References
Bsg Basigin (Immunoglobulin) Defective fertilization; no implantation Ilggzkgjra etal., 1998; Kuno etal.,
No uterine attachment, but uterine responsiveness to Lubahn et al., 1993; Paria et al.,

Esrl Estrogen receptor-a (NR,TF) decidualization persists with P4 priming 1999

FK506-binding protein-4 (Immunophilin co- . L . .
Fkbp52 chaperone for steroid hormone NRs) Compromised P, function; no uterine receptivity (ME) Tranguch et al., 2005
Gp130/Stat GP130_/S[gnaI transq ucer and act!vator. of No implantation (ME) Ernst et al., 2001

transcription (Cytokine-receptor signalling)
Hmx3 H6 homeobox-3 (TF) No implantation (ME) Wang et al., 1998)

. . o . Benson et al., 1996; Lim et al.,

HoxalO Homeobox A10 (TF) Defective decidualization; reduced fertility (ME) 1999b: Satokata et al., 1995
Hoxall Homeobox A1l (TF) Defective implantation and decidualization; infertility Hsieh-Li et al., 1995
ll11lral Interleukin-11 receptor-1 (Cytokine signalling) Impaired decidualization; infertility ?ggg etal,, 1998; Bilinski et al.,
Lif Leukaemia inhibitory factor (Cytokine) No implantation (ME) Stewart et al., 1992
LpA3 Lysophosphandlc acid receptor-3 (LPA _Deferred,. on-time |mplantat|pn; al_aerrant embryo spacing; post- Ye et al., 2005

signalling) implantation defects; small litter size (ME)
Pgr Progesterone receptor (NR, TF) No implantation or deuduglgaﬂon (ME); Lack of decidual Lydon et al., 1995

] response even after P4 priming

Phospholipase A2, group IVA [cytosolic Ca** Deferred on-time implantation; aberrant embryo spacing; post-
Plazg4a dependent] (Arachidonic-acid-releasing enzyme)  implantation defects; small litter size (ME) Song et al., 2002
Poars Peroxisome proliferator-activated receptor-6 4-6 h delay in initiating embryo attachment; placental defects; Lim et al., 1999a; Barak et al.,

par (NR,TF) subfertility 2002
. . i Multiple reproductive failures, including defective attachment . )

Ptgs? Prostaglandin-endoperoxide synthase-2 reaction; genetic-background-dependent; Defective Lim et al., 1997; Wang et al.,

(Prostaglandin synthesis)

decidualization; reduced angiogenic response

2004; Matsumoto et al., 2001

ME, maternal effect; NR, nuclear receptor; TF, transcription factor (Wang and Dey, 2006)
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1.6 Pre-Implantation Embryo Development

Studies of mammalian, predominantly mouse, embryos have supplied fundamental
insights into early embryo development (Wang and Dey, 2006). Yet species-specific
differences mean that these findings are of limited relevance to our understanding of
pre-implantation embryo development in humans. The emergence of ARTs
(assisted reproductive technologies), particularly IVF (in vitro fertilization) to treat
fertility problems, has since formed the key context of our understanding of human

pre-implantation embryo development.

Fusion of oocyte and sperm at fertilization initiates the oocyte to embryo transition
and is followed by pronuclei migration and fusion. Relative transcriptional silence
characterises the first phase of pre-implantation embryo development, whereby
genetic and epigenetic modifications and a series of cellular divisions occur entirely
dependent on maternally inherited material.  This phase incorporates the
downregulation and degradation of over 1000 maternal transcripts in humans and
terminates with a major wave of embryonic genome activation (EGA). In human
embryos this initial phase lasts 3 days, from the 4 to 8 cell stage, and occurs entirely
independently of cell number (Braude et al., 1988, Dobson et al., 2004). Timing of
EGA activation varies markedly between species being undetectable prior to the 2-
cell stage in mice, 4-cell stage in pigs and 8-cell stage in sheep (Braude et al., 1988,
Braude et al., 1979, Crosby et al., 1988). Beyond the 8-cell stage human embryos
undergo compaction, whereby the outer cells of the morula become tightly
connected by desmosomes and gap junctions. This provides the first visible
indication of interrupted radial symmetry and beyond this point morphological
checkpoints become a function of embryo developmental timing as opposed to cell
number. The development of a blastocyst occurs upon subsequent cell divisions

and the initiation of a blastocoel cavity at the cavitation stage. A blastocyst may be
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characterised by a distinct inner cell mass (ICM) and outer trophectoderm (TE)
layer, which surrounds the fluid-filled blastocoele cavity. Prior to implantation the
ICM separates into early epiblast, which will form the fetus, and primitive endoderm,
which will give rise to extraembryonic endoderm cells which form the yolk sac.
Human pre-implantation development largely occurs during passage of the embryo
along the fallopian tube towards the uterine cavity. By the time the embryo reaches
the blastocyst stage (day 5) it is thought to emerge from the fallopian tube and make
contact with the endometrium. Periodic contractions and expansions between day 6
and 7 encourage the blastocyst to hatch from its protective, glycoprotein shell (zona
pellucida). Successful convergence of the hatched blastocyst and endometrium at
implantation is required for the subsequent survival and development of the human

embryo and is thought to occur around day 8.
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1.7 Species Differences Pre- and Post- Implantation

Human and mouse embryos similarly undergo cell divisions to form a blastocyst with
apparent ICM and TE. Yet despite the morphological resemblance of human and
mouse pre-implantation embryos, developmental timings have been found to differ
notably between species with human embryo development lagging behind that of
the mouse (Figure 1.7.1). A human blastocyst forms between day 5 and 6 of pre-
implantation embryo development and typically contains around 256 cells. In
contrast the cells of a mouse blastocyst, formed between day 3 and 4, are thought
to undergo one less cell division and comprise around 164 cells (Niakan et al.,
2012). This delayed embryo development includes a lag in the timing of EGA,

compaction and blastocyst formation (Figure 1.7.1).

Species-specific differences extend into the post-implantation period and
placentation whereby trophectoderm cell fates and invasive capacity are similarly
divergent. In both species the ICM gives rise to the epiblast (Epi) and primitive
endoderm (PE) layers, whilst the TE forms the trophoblast lineage of the placenta.
The epiblast forms all tissues of the fetus whereas the PE forms the extraembryonic
endoderm which creates the yolk sac. In humans the trophectoderm cells form
placental cytotrophoblast cells which proliferate and differentiate into multinucleated
syncytial cells and extravillous trophoblast which invade the decidualized
endometrial cells (Figure 1.7.1) (Norwitz et al., 2001, Moffett and Loke, 2006). In
mice, unlike the early invasion seen in humans, TE cells produce a proliferative
stem cell pool of extraembryonic ectoderm cells that bud off polyploid trophoblast

giant cells via a process of endoreduplication (Figure 1.7.1) (Simmons et al., 2007).

The developmental differences observed between human and mouse embryos may
be explained by key molecular discrepancies, including; unique gene expression

patterns (Dobson et al., 2004, Wang et al., 2004, Zeng and Schultz, 2005, Bell et al.,
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2008), epigenetic modifications (Beaujean et al.,, 2004, Fulka et al.,, 2004),
predisposition to genetic instability (Vanneste et al., 2009, Vanneste et al., 2011)
and a protracted period of transcriptional silence in humans (Braude et al., 1988,

Flach et al., 1982).

The process of implantation varies markedly between species. This is evident upon
comparison of the physical interactions between the embryonic trophoblast,
endometrial luminal epithelial and stromal cells at the ‘invasion’ stage in key animal
models (Figure 1.7.2). In the mouse, the primary animal model used for human
implantation, around 10 embryos will implant in a single implantation event. This
requires a process of maternally controlled embryonic diapause whereby
suspension of embryo development, via cell cycle arrest and reduced metabolism,
delays implantation (Lopes et al., 2004). This permits the coordination of embryo
development according to endometrial readiness for implantation. The implantation
of multiple embryos requires unigue mechanisms of embryo spacing throughout the
uterine horn whilst uterine oedema and luminal closure appear to cause apposition
of the maternal luminal epithelium to the spatially restricted murine embryos (Wang
and Dey, 2006). In contrast, human implantation generally involves the acceptance
of a single, highly invasive and often chromosomally abnormal embryo, with no
known maternal control over its development. In humans the feature of uterine
closure is entirely absent and the embryo has been described as a ‘free-floating
body’ within the uterine cavity requiring an entirely distinct process of apposition
(Genbacev et al., 2003). Interspecies variation in placentation and pregnancy
(Table 1.7.2) highlights an evolutionary divergence in the degree of maternal
investment in the conceptus. This presents a role for stringent embryo selection at

the human maternal-embryo interface.
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Figure 1.7.1 Developmental Timing and Cell Fate Decisions in Human and Mouse Pre-Implantation embryos.
Embryonic genome activation (EGA), inner cell mass (ICM), epiblast (Epi), primitive endoderm (PE), trophectoderm (TE).
Adapted from (Niakan et al., 2012).
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Figure 1.7.2 Distinct Modes of Implantation in Various Species

The key objective of implantation is anchorage of the trophoblast (T) into the
stroma (S). In mice and rats the embryonic endoderm (En) attaches to the
luminal epithelium (LE), inducing localised apoptosis of the LE and permitting T
migration into the S. D = decidual cells. In guinea pigs focal protrusions of the
zona pellucida (ZP) by the syncytial trophoblast is followed by embedding of
trophectoderm into the S. In rabbits, clusters of trophoblast cells fuse with the LE
to form symplasma. In mammals the trophectoderm derived T breaches the LE
and migrates into the underlying S. Adapted from (Wang and Dey, 2006).
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Table 1.7.1 Comparison of pregnancy and placentation in mice and humans

Mouse

Human

Implantation

Yolk sac

Trophoblast invasion of

uterine arteries

Transformation of uterine
arteries

Area of placental exchange

Trophospongium

Interhaemal barrier

Placental hormones

Time of Gestation

Secondarily interstitial

Inverted yolk sac placenta
functions to term

Shallow; limited to proximal
decidua

Dependent on maternal
factors (UNK cells)

Labyrinthine

Three trophoblast layers;
outer one cellular, inner two
syncytial

Extensive

Placental Lactogens

Three weeks

Primary interstitial

Yolk sac floats free in
exocoelom during first
trimester

Extensive; reaching
myometrial vessels

Dependent on trophoblast

Villous

Absent

Single layer of syncytial
trophoblast

hCG, hPL, Placental Growth
Hormone; major source of
Progesterone

Nine months

29



1.8 Challenges of Human Reproduction

The efficiency of human reproduction is low when compared to other mammalian
species. Humans display a monthly fecundity rate (chance of achieving a
pregnancy in a single menstrual cycle) of ~20-30%, compared to 80% in baboons
and 90% in rabbits (Chard, 1991, Foote and Carney, 1988, Stevens, 1997).
Despite medical assistance being available to address fertility problems in humans,
embryo transfers following ARTs only result in pregnancy in around 50% of cases
(Boomsma et al.,, 2009). Furthermore, over 50% of these conceptions are
estimated to ultimately end in pregnancy failure due to the additional human
challenges of embryo wastage and increased pregnancy loss (Macklon et al.,
2002). The rate of pregnancy loss, in humans, has been estimated as occurring
most commonly during early pregnancy, prior to 6 weeks gestation (Figure 1.8.1).
Yet the clinical pregnancy loss at 12 weeks gestation is estimated to be 10-15 %
(Chard, 1991, Macklon et al., 2002). RM, defined as 3 or more consecutive losses,
affects 1-2% of fertile couples (Jauniaux et al., 2006, Rai and Regan, 2006). Pre-
clinical pregnancy loss therefore presents an additional reproductive challenge in

humans and is distinct from subfertility (Koot et al., 2010).

Pregnancy loss, whether sporadic or recurrent, is thought to originate from
aberrations either of the embryo (chromosomal or developmental) or the uterine
environment. Yet no specific anatomical, immunological, endocrine or genetic
aetiologies have been predominantly linked with RM. Rather, an association
between decreased time to pregnancy (TTP) and RM has been observed. The
anecdotal notion of superfertility, determined by a TTP <3 months, is estimated to
affect 3% of the population (Macklon et al., 2002). A retrospective analysis of 560
patients affected by RM revealed that 40% could be defined as ‘superfertile’ (Salker

et al.,, 2010). In association with a decreased TTP, the superfertile population
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experience fewer pre-clinical pregnancy losses, but greater post-clinical losses
(Figure 1.8.1). These findings have led to the development of a ‘receptivity versus

selectivity’ paradigm (Figure 1.8.1).
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Figure 1.8.1 The Embryo Wastage Iceberg

The outcome of conceptions in fertile and superfertile populations, whereby the
‘sea-level’ distinguishes pregnancy losses before the missed menstrual period
and clinically recognised pregnancies. Adapted from (Teklenburg et al., 2010a).
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1.9 Embryo Selection or ‘Biosensoring’

The need for embryo receptivity to be coupled with selectivity in humans is in line
with the characterisation of pre-implantation human embryos as highly invasive and
frequently chromosomally abnormal. Human pre-implantation embryos were first
characterised in the 1950s, where they were extracted from volunteers undergoing
elective hysterectomy (Hertig et al., 1954, Hertig et al., 1956). Even during this
early work, it was hypothesised that developmental abnormalities affect up to 50%
of all human embryos, in vivo. Subsequent genetic studies have confirmed that
human embryos exhibit chromosomal aberrations at a rate ten times that of other
mammalian species (Macklon and Brosens, 2014, Vanneste et al., 2009, Wells and
Delhanty, 2000, Voullaire et al., 2000). Cytogenetic analysis of oocytes and
embryos, via array-based comparative genomic hybridization (aCGH), revealed a
diverse array of chromosomal abnormalities, which have not been observed later in
pregnancy (Fragouli et al., 2013). In this study, only 26% of 420 oocytes examined
were found to be haploid after the completion of meiosis I, with errors being largely
attributable to premature separation of sister chromatids. A transient increase in
aneuploidy rate, reaching 83%, was observed amongst 754 embryos at the
cleavage stage with 20-25% of these embryos displaying complex chromosomal
abnormalities (Fragouli et al., 2013). Yet 58% of 1046 blastocysts were found to
contain aneuploidies with 10% being highly abnormal (Fragouli et al., 2013). These
findings suggest that chromosomal abnormalities are tolerated during the first
embryo divisions, where a reliance on maternal transcripts and proteins persists.
EGA around the 4-8 cell stage is then thought to cease further division or activate
cell-regulatory mechanisms that enable clearance of abnormal cells. However, this
method of ‘self-correction’ from cleavage to the blastocyst stage is by no means
unanimous as the resulting majority of embryos exhibit mosaicism, despite

appearing morphologically normal (Mertzanidou et al., 2013, Fragouli et al., 2013).
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Although aneuploidy affects around 5% of clinical pregnancies, most of which result
in miscarriage (Hassold and Hunt, 2001), the prevalence of abnormalities amongst
embryos is far greater. This paradigm suggests a loss of abnormal embryos, via

selection, around the time of implantation.

Recently, theories have emerged regarding the evolution of aneuploidies amongst
human embryos and suggest that rather than being entirely detrimental, they may in
fact confer an implantation advantage, comparable to cancer cells (Brosens et al.,
2014). Nevertheless the sheer variation observed amongst human embryos calls
for selectivity in order to restrict maternal investment to only viable embryos. Thus
the high rates of implantation failure and pre-clinical pregnancy losses in humans

may in fact reflect a stringent selection mechanism imposed by maternal tissues.

Evidence for a discerning endometrium originated from studies in cattle, whereby
embryos of differing origins induced differential endometrial gene expression
patterns upon pregnancy (Sandra and Renard, 2011). This work introduced the
concept of the endometrium as a biosensor of embryo quality, which has since
been extended to humans. Adequately decidualized HESCs not only sense
embryo quality but also respond selectively in order to eliminate compromised
embryos (Weimar et al., 2012a, Salker et al.,, 2010, Brosens et al., 2014). The
observation that HESCs from women suffering from RM are unable to discriminate
between human embryos according to embryo quality (Weimar et al., 2012b)
indicates that biosensoring by the endometrium is a pre-requisite to successful

pregnancy.
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1.10 Embryo-Derived Signals

Human embryonic signals have been shown to differentially regulate maternal gene
expression when separated into two groups representing good and poor quality
embryos (Brosens et al., 2014). Signals from embryos deemed unsuitable for
transfer (developmentally incompetent embryos (DIE)) were found to alter the
expression of 447 human and 544 murine genes when cultured with HESCs or
flushed through the uterus of a mouse, respectively. In stark contrast only 13
human genes and 90 murine genes were affected by the presence of signals from
successfully implanted embryos (developmentally competent embryos (DCE))
(Figure 1.10.1). This work highlights the prescence of a conserved embryo-derived
signal, able to convey develomental potential to the maternal cells in order to
actively promote or prevent implantation. In addition, this signal appears to be

preserved within human embryo culture supernatants.

A recent study investigated how embryo-derived signals might control chemical
signals within the endometrium in order to influence decidualization of the stromal
cell compartment, despite the lack of direct cell-cell contact (Ruan et al., 2012).
Although it has long been considered a barrier to implantation in humans, the
endometrial epithelium is a crucial pre-requisite for decidualization in the mouse
(Lejeune et al., 1981). In mice, in the presence of an intact endometrial epithelium,
decidualization may be induced purely by mechanical stimuli, such as oil or air

intraluminal injection (Finn, 1966) or endometrial scratching (Lejeune et al., 1982).

Serum and glucocorticoid-inducible kinase (SGK1), known to regulate epithelial ion
transport and cell survival, was found to be upregulated particularly in the luminal
epithelium of mid-secretory endometrial biopsies from women with unexplained
infertility (Salker et al., 2011). Furthermore, SGK1 was downregulated in biopsies

from women with RM and DESCs from these patients were sensitized to oxidative
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cell death (Salker et al., 2011). Sgkl1/" mice showed unaffected implantation rates
but exhibited preghancy complications including bleeding at the decidual-placental
boundary, fetal growth retardation and compromised induction of pregnancy-
specific genes involved in oxidative stress defences (Salker et al., 2011). These
findings suggest that SGK1 in the luminal epithelium plays a protective role against
oxidative damage at the feto-maternal interface required for successful implantation

and the prevention of pregnancy complications.

Epithelial Na* channel (ENaC) channels, located in the apical epithelium, have been
shown to be up-regulated at the peri-implantation period in mice (Kellenberger and
Schild, 2002). They play a role in water and electrolyte resorption, with potential to
influence uterine closure seen at implantation in mice, and are known to be
activated by mechanical stimuli and serine proteases (Kleyman et al., 2009, Vallet
et al., 1997, Fronius and Clauss, 2008). Serine proteases, such as trypsin, are
known to be abundant at the embryo-endometrial interface, released by murine
embryos and essential for implantation, although there are as yet no reports
implicating embryo-derived trypsin proteases in human implantation (Salamonsen

and Nie, 2002, Sawada et al., 1990).

Ruan et al. (2012) found that the treatment of murine endometrial cell cultures with
trypsin (20ug ml™) induced morphological changes that mimicked decidualization
(Ruan et al., 2012). The group illustrated that trypsin acted via ENaC in epithelial

cells, to produce a sustained [Ca?'];

rise which facilitated a cyclooxygenase-2 (COX-
2) dependent increase in prostaglandin E, (PGE,) release (Figure 1.10.2). These
findings are significant as the activities of voltage sensitive calcium channels, which
can be activated by membrane depolarization, have been implicated as a pre-

requisite for decidualization in the mouse (Sakoff and Murdoch, 1996).

Furthermore, PGE,, formed from the enzymatic conversion of Phospholipase A,
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(PLA,)-derived arachidonic acid by cyclooxygenases at the endometrial stromal-
epithelial interface, is known to be essential for decidualization (Ruan et al., 2011)
and Ca®* mobilisation has been shown to enable COX2-dependent PGE, production

(Ruan et al., 2008).
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Human

Mouse

Developmentally Incompetent Embryos (DIE)
Developmentally Competent Embryos (DCE)

Figure 1.10.1 Human embryo signals elicit a conserved gene response in human
DESCs and whole mouse uterus. Quantitative Venn Diagram to show the number of
transcripts significantly (P <0.01) regulated in DESC (Human) and whole mouse uterus
(Mouse) by exposure to signals from succesfully implanted embryos (DCE) versus
poor quality embryos (DIE). (Brosens et al., 2014)
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Figure 1.10.2 Embryo derived proteases are capable of mounting an
implantation response in the endometrial stromal cells via activation of the
epithelial sodium channel (ENaC). a) ENaC channels are transmembrane ion
channels which contain 3 structurally related subunits a, B and y. The o and y
subunits, in particular, are targets of proteolytic processing with cleavage by
proteases, such as trypsin, facilitating transepithelial Na* transport causing epithelial
cell membrane depolarization. b) Epithelial cell membrane depolarization resulting
from cleavage and activation of ENaC activates L-type Ca®* channels resulting in
Ca?" influx and up-regulation of COX-2 expression in endometrial epithelial cells.
The resulting release of PGE, activates cAMP-related pathways contributing to
decidualization in stromal cells. Adapted from (Ruan et al., 2012) and (Wikimedia,
2015)
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1.11 ARTs

A prolonged time-to-pregnancy coupled with a far higher rate of pregnancy losses
in humans compared to alternate species has led to the development of many
ARTs in order to address the fertility-related challenges (Wilcox et al., 1989). As of
2012, it was reported that the use of ARTs has now given rise to over 5 million

offspring (European Society of Human Reproduction and Embryology, 2012).

ARTSs were first introduced in order to increase the chances of conception in cases
of severe subfertility and studies first began in animal models. Artificial
insemination was first performed, in dogs, as early as 1785 (Spallanzani, 1785).
Between 1950 and 1970 animal oocyte and sperm retrieval were routine and, in
some species, optimised embryo culture conditions had even been established
(Reviewed by; Jones, 2003, Clarke, 2006). The breakthrough in human ARTSs
came in 1969 when IVF was first described using human oocytes (Edwards et al.,
1969). Human embryo culture, at the cleavage stages, was subsequently reported
in 1970 and by 1978 the first IVF conceived baby, Louise Brown, was born

(Edwards et al., 1970, Steptoe and Edwards, 1978, Edwards et al., 1980).

Increasing patient demand, rather than enhanced understanding, led to the
emergence of ARTs as a newly recognised medical practice. The increasing
popularity of subfertility treatments has resulted in numerous technological
advances in the field namely; improved culture conditions of pre-implantation
embryos, intra-cytoplasmic sperm injection (ICSI) and enhanced gamete and
embryo cryopreservation techniques (e.g. vitrification). However, it has been
calculated that only 5% of oocytes collected in a fresh IVF cycle and only 36.5% of
top quality embryos transferred will actually result in a live birth (Patrizio and

Sakkas, 2009, De Neubourg et al., 2004).
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It is not yet fully understood whether this high rate of gamete and embryo wastage
reflects the in vivo human condition or the limitations of our in vitro laboratory
techniques. Animal work would suggest that in vitro culture detriments embryo
gene expression, morphology, metabolic activity and developmental kinetics but the
effect in humans is undetermined (Knijn et al., 2006, Corcoran et al., 20086,
Lonergan and Fair, 2008, McHughes et al., 2009, Holm et al., 2002, Lopes et al.,

2007).

Our incomplete understanding of human pre-implantation embryo development,
and reliance on divergent animal models, thus continues to limit IVF success rates.
The development of ex vivo human models of early- and post-implantation events
would undoubtedly promote ART success yet these remain restricted by ethical

limitations and a scarcity of research embryos.

An apparent need remains for increased understanding of implantation in humans,
which involves both embryo and endometrial counterparts. Assessing in vitro
embryos, which are known to differ from their in vivo derived equivalents,
independently from the implantation environment fails to contextualise the
challenge of human reproduction. As a result the treatment of reproductive
difficulties via IVF, despite continual technological advances, commonly leads to a

failed pregnancy.
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1.12 Hypothesis and Aims

Despite decades of intense investigation, the search for clinically useful markers of
embryonic competence and endometrial receptivity continues to be the Holy Grail of
Reproductive Medicine. This journey, which promises to eliminate IVF failure and
early pregnancy loss once and for all, has so far been disappointing. At the heart of
the current malaise lies the prevailing belief that reproductive success depends on
binary drivers, such as ‘good and bad’ embryos and ‘receptive and non-receptive’

endometria.

| hypothesize that human implantation is much more dynamic and adapted to deal
with a highly invasive and genetically diverse blastocyst. Furthermore, | speculate
that effective strategies to prevent implantation failure and early pregnancy loss
must be based on an in-depth understanding of the mechanisms that control

embryo selection at implantation.

The specific goals of my study were:

- Identification of embryonic signals that enable uterine biosensoring at

implantation.

- Characterisation of endometrial receptors involved in embryo selection and

rejection.
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Chapter 2

Materials and Methods
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2.1 Materials

2.1.1 Cell Culture Media and Materials

Media

Reagent Manufacturer Catalogue No.

Antibiotic-Antimycotic GIBCO®, Invitrogen 15240

Penicillin (10,000 pg/ml)-

Streptomycin (10,000ug/ml)

L-Glutamine (200mM) 100x GIBCO®, Invitrogen 25030

B-Estradiol>95% Sigma-Aldrich E8875

Charcoal Sigma-Aldrich 05105

Collagenase Sigma-Aldrich C9891

Deoxyribonuclease | (DNase 1) Roche 11284932001

Dextran Fisher Scientific

Dulbecco’s Modified Eagle Medium (DMEM)/F12 (1:1) GIBCO®, Invitrogen 11039

with L-glutamine, no phenol red

Dulbecco’s Modified Eagle Medium (DMEM)/F12 (1:1) GIBCO®, Invitrogen 31330

with L-glutamine, with phenol red

Fetal Bovine Serum (FBS) GIBCO®, Invitrogen 10500

heat inactivated

Insulin (Recombinant, Human) Sigma-Aldrich 91077C

L-Glutamine Gibco 25030-081

Primocin (500mg) Source Bioscience UK ant-pm-1
Limited

Materials

Reagent Manufacturer Catalogue No.

6-well plates Corning® Costar®, T-3506-6

Cell culture flask (25cm2) CellStar® 690160

Cell culture flask (75cm2) CellStar® 658170

Cell scraper, small, Corning APPLETON WOODS BC323

Glass bottomed petri dishes (35mm)
Immuno 96-well plate

Luer lok™ Syringe (50ml)

Sterile Filter Tips (0.1-10ul)

Sterile Filter Tips (1-40ul)

Sterile Filter Tips (1-100ul)

Sterile Filter Tips (1-300ul)

Sterile Filter Tips (100-1000ul)
Syringe (10ml)

Syringe Filter (0.2um)

MatTek Corporation
NUNC

BD Plastipak™
Alpha Laboratories
Alpha Laboratories
Alpha Laboratories
Alpha Laboratories
Alpha Laboratories
BD Plastipak™
Minisart®

P35GCol-1.5-14.C
442404

300865

ZP1010S
ZP1204S
ZP1200S
ZP3300S

ZP1250S

302188

16534

Cell Lines

Ishikawa Cell Line human, endometrial adenocarcinoma, Sigma-Aldrich, 99040201-1VL
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2.1.2 Cell Culture Treatments

Hormone Concentration Manufacturer
8-br-cAMP (cAMP) 0.5mM Sigma-Aldrich
Medroxyprogesterone acetate (MPA) 1uM Sigma-Aldrich
Reagent Concentration Manufacturer Catalogue No.
Trypsin (0.22p filtered) 10nm to 1uM Worthington LS003734
Lipopolysaccharides (LPS)
lug/ml Sigma-Aldrich L4391

from Escherichia Coli 0111:B4
TLR4 inhibitor Peptide set 50uM Novus Biologicals NBP2-26244
Soybean trypsin inhibitor 1mg/ml Worthington LS003570

2.1.3 siRNA
SiRNA Manufacturer Catalogue No.

SiGENOME Non-Targeting siRNA Control Pool

GE HEALTHCARE UK LTD

D-001206-13-05

PRSSS8 Silencer® Select Pre-designed siRNA, 5 nmol Fisher Scientific 10782097
2.1.4 Antibodies
Primary
Antibody Manufacturer Catalogue No. Raised in Dilution
AMBP Novus Biologicals H00000259-M01 Mouse mAb 1:100
[-actin Abcam AB8277 Rabbit pAb 1:100,000
COX2 Cell Signalling 4842 Rabbit pAb 1:1000
Cytokeratin 18 Abcam AB668 Mouse mAb 1:100
PAR2 Abcam AB180953 Rabbit mAb 1:250
PRSS8 Antibodies Online ABIN761891 Rabbit pAb 1:100~
1:250*
SCNN1A Sigma-Aldrich HPA012939-100UL Rabbit pAb 1:100~
1:250*
SCNN1G Proteintech 13943-1-AP Rabbit pAb 1:100~
1:250*
SPINT1 Sigma-Aldrich SAB1409704-50UG Mouse pAb 1:100
TLR4 Cell Signalling NB100-56566 Mouse mAb 1:250*
Technology 1:100~
TMPRSS2 Antibodies Online ABIN716876 Rabbit pAb 1:100
TMPRSS15 Novus Biologicals NBP1-55616 Rabbit pAb 1:100
Vimentin Dako M7020 Mouse mAb 1:100~
Vimentin Cell Signalling SG3F10 Mouse mAb 1:1000*

*Western blotting, ~Immunocytochemistry
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Secondary

Antibody Manufacturer Catalogue No. Dilution

Goat IgG-Alexa Fluor 488 Molecular Probes A21222 Rabbit 1:2000*
1:100~

Mouse IgG-Alexa Fluor 555 Molecular Probes A21424 Goat 1:6000*
1:100~

Antibody Blocking Peptides

*Western blotting, ~Immunocytochemistry

Blocking Peptide Manufacturer Catalogue No.
AMBP Blocking Peptide Fitzgerald 33R-9450-FIT
SCNN1G Fusion Protein Proteintech ag5286

2.1.5 Chemical Reagents
Reagent Manufacturer Catalogue No.
30% Acrylamide/Bis Solution, 37.5:1 500ml BIO-RAD LABORATORIESLTD  161-0158
Ammonium persulfate (APS) Sigma-Aldrich A3678-25G
Chloroform Fisher Scientific C298-4
Ethanol Fisher Scientific BP2818-4
Ethylenediaminetetraacetic acid (EDTA) Roche 11836 170 001
Glycerol Sigma-Aldrich G5516-100ML
Glycine Fisher Scientific G/P460/53F
Isopropanol Fisher Scientific BP2618-4
Methanol Fisher Scientific M/4000/17F
Mineral Qil Sigma-Aldrich M-8410
N,N,N,N’-tetramethyl-ethane-1,2-diamine (TEMED)  Sigma-Aldrich T9281-25ML
Non-fat dried milk powder VWR International Ltd. A0830.1000
PageRuler Plus Pre-stained Protein Ladder ThermoScientific 26619
Paraformaldehyde (PFA) Sigma-Aldrich P-6148
Pierce® ECL Plus Western Blotting Substrate ThermoScientific 3213232134
Power SYBR® Green PCR Mastermix Fisher Scientific VY4368702
Protein Assay Dye Reagent BioRad #500-0006
RIPA Lysis Buffer 10x Upstate [Millipore] 20-188

RNA STAT-60 Amsbio Cs110
siRNA Universal Buffer 5x Fisher Scientific 11821924
Sodium chloride (NaCl) Fisher Scientific S/3160/60F
Sodium dodecyl sulfate Sigma-Aldrich L4390-25G
Triton X-100 Sigma-Aldrich T-8787
Trizma®Base Sigma-Aldrich T1503-1KG
Trypan Blue ThermoScientific 15250-061
Tween®20 Fisher Scientific BP337-500F
Vectashield Mounting Medium with DAPI Vector Laboratories H-1200
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2.1.6 Miscellaneous Reagents

Reagent Manufacturer Catalogue No.

10kDA Spin Column Abcam PLC ab93349

5X siRNA Universal Buffer 100mL Fisher Scientific 11821924

7500 Real Time PCR system Applied Biosystems

Amersham Hybond™ PVDF membrane GE HEALTHCARE RPN 303F

Amersham Hyperfilm™MP GE HEALTHCARE 28906844

Gel Casting Cassettes NOVEX® by Life NC2015
Technologies

MicroAmp® Optical 96-well Reaction Plate Life Technologies N8010560

Mineral Qil Sigma M-8410

Multiskan Ascent ThermoScientific 51118300

PageRuler Plus Pre-stained Protein Ladder ThermoScientific 26619

Pierce® ECL Plus Western Blotting Substrate ThermoScientific 3213232134

Power SYBR® Green PCR Mastermix Fisher Scientific VY4368702

Protein Assay Dye Reagent BioRad #500-0006

RNA STAT-60 Amsbio Csi110

RNAse Zap Invitrogen AM9780

ThermalSeal RT2RR 50-um-thick Sealing Films Applied Biosystems TS-RT2RR-100

Vectashield Mounting Medium with DAPI Vector Laboratories H-1200

WellWash

ThermoScientific

4 MK2 220/240V

XCell SureLock® Mini-Cell and XCell II™ Blot Module Invitrogen EI0002

2.1.7 Kits
Kit Manufacturer Catalogue No.
ECL Prime Western Blotting Detection Kit Scientific Laboratory Supplies Ltd. RPN2232
EnzChek Protease Assay Kit Life Technologies E6638
(Green fluorescence)

Factor D ELISA Kit ABCAM ab99969
Human HAI-1 ELISA Kit Raybio® ELH-HAI1
Human Prostasin ELISA Kit Raybio® ELH-Prostasin
Human TMPRSS2 ELISA Kit ELABSCIENCE BIOTECH CO. E-EL-H1418
JetPRIME® Polyplus transfection 114-07
Proteome Profiler™ R&D Systems® ARY002B
Human Phosph-MAPK Array
QlAquick® Gel Extraction Kit Qiagen 28704
Quantitect Reverse Transcription Kit QIAGEN 205311
Trypsin Activity Assay Kit (Colorimetric) Abcam AB102531
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2.1.8 Buffers and Solutions

2.1.8.1 General

Phosphate Buffered Saline (PBS)
140 mM NaCl
2.5 mM KCI

1.5 mM KH,PO,, pH 7.2
1.5 mM Na,HPO,, pH 7.2

Tris Buffered Saline (TBS)
130mM NaCl

20mM Tris

pH 7.6

TBS-Tween 20 (TBS-T)
0.2% Tween 20 in TBS (1x)

RIPA Buffer
50mM Tris HCI pH 7.4
1% NP40

0.5% deoxycholate
0.1% SDS
150mM NaCl

2mM EDTA
50mM NaF

DNA Loading Buffer
0.2% (w/v) Bromophenol blue

40% (v/v) glycerol 0.25M EDTA pH8.0

Laemmli Buffer

50mM Tris-HCI, pH 6.8

1% (w/v) SDS

10% (v/v) glycerol

2% (v/v) B-mercaptoethanol
0.002% (w/v) Bromophenol blue

2.1.8.2 Immunohistochemistry

4% PFA Solution
4% PFA (W/v) in PBS
pH 9.2 with NaOH
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Cell Permeabilisation Solution
0.1% Triton-x (w/v) in PBS

Blocking Solution and Antibody Incubation Solution
1% (w/v) BSA in PBS

2.1.8.3 Western Blotting

SDS Tris-Glycine Running Buffer 10X
250mM Tris Base

1.9M Glycine

pH 8.3

1% (w/v) SDS

SDS Tris-Glycine Transfer Buffer 10X
0.05M Tris-HCI (pH 6.8)

0.4M Glycine

20% (v/v) Methanol

1% SDS

Stripping Buffer
15¢g Glycine

1g SDS

10ml Tween®20
Adjust pH to 2.2
Bring volume to 1.0 L

Western Blocking Buffer and Antibody Incubation Solution
5% (w/v) non-fat milk in TBS-T

2.1.8.4 SDS Polyacrylamide Gels

Resolving Gel

375mM Tris (pH 8.8)

0.1% (w/v) SDS

0.1% (w/v) APS

10% Acrylamide Bis Solution (37.5:1)
TEMED added at 1 in 1000

Stacking Gel

80mM Tris (pH6.8)

0.1% (w/v) SDS

0.1% (w/v) APS

5.8% Acrylamide Bis Solution (37.5:1)
TEMED added at 1 in 1000



2.1.8.5 Calcium Profiling
Krebs’-Heinselet Buffer
133mM NacCl

4.7mM KCI

11.1mM Glucose

1.2mM MgSO4

1.2 KH2PO4

2.5mM CacCl

10mM TES pH 7.4
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2.2. Methods

2.2.1 Human Endometrial Biopsies

Endometrial biopsies were acquired from patients attending the research-led
Implantation Clinic at University Hospital Coventry and Warwickshire. Informed
written consent was obtained from all patients and the study was approved by the
NHS National Research Ethics Committee of Hammersmith and Queen Charlotte’s
Hospital NHS Trust. Biopsies were taken in the mid-secretory phase, 5 to 11 days
after the post-ovulatory LH surge, and all patients were withdrawn from any hormonal
treatment at least 3 months prior to the biopsy appointment. Each biopsy, where
appropriate, was processed in three stages. Biopsy addition to 7ml DMEM-F12
supplemented with 10% dextran-coated charcoal treated foetal bovine serum (DCC-
FBS) (v/v) allowed direct isolation of endometrial stromal cells. Snap freezing of
biopsies in liquid nitrogen provided a sample for protein analysis, which was
subsequently stored at -80°C. Immersion of biopsy tissue fragments in RNA later

followed by storage at -80 C provided material for RNA studies.

2.2.1.2 Ishikawa Cells

Ishikawa cells were purchased from Sigma (99040201-1VL) and thawed according to
manufacturer's protocol. The cells were routinely cultured and passaged (as in
section 2.2.2.5) in a continuous cell culture laboratory. Cells were closely monitored
and regularly tested for mycoplasma contamination. Mycoplasma-free cells were

stored according to section 2.2.2.7.
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2.2.2 Cell Culture

2.2.2.1 Dextran-Charcoal Stripping of FBS

FBS contains endogenous steroids hormones which may mask the effect of
exogenously applied ligands. Therefore DCC treatment was used to strip serum of
small molecules. FBS was defrosted for 24 hours at 4°C. 1.25 g charcoal, 125 mg
Dextran and 500 ml FBS were thoroughly mixed and incubated at 57°C for 2 hours,
inverting every 30 minutes. Following centrifugation at 400 x g for 30 minutes the
supernatant was filter sterilised using a 0.2um filter and stored in aliquots at -20 °C.
The DCC-FBS aliquots were defrosted either at 4°C overnight or at room

temperature (RT) on the day required.

2.2.2.2 Cell Growth Medium

DMEM:F12 supplemented with 10% DCC-FBS (v/v)
500 ml DMEM:F12 (with phenol red and L-Glutamine)
50 ml DCC-FBS

5 ml L-Glutamine

5 ml Antibiotic-Antimycotic (100x)

100 pl Insulin (10mg/ml stock)

5 pl Estradiol (10™ stock)

DMEM:F12 supplemented with 2% DCC-FBS (v/v)
500 ml DMEM:F12 (without phenol red)

10 mI DCC-FBS

5 ml L-Glutamine

5 ml Antibiotic-Antimycotic (100x)
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The thawed DCC was supplemented with L-Glutamine, AB/AM solution, Insulin and
Estradiol (as above) and added to DMEM:F12 by sterile filtration. The media was

stored at 4 °C for up to 4 weeks, filter sterilised and warmed to 37°C prior to use.

2.2.2.3 Preparation of Isolated Endometrial Stromal Cells

Endometrial biopsies were collected in DMEM:F12 supplemented with 10% DCC-
FBS (v/v). Biopsies were decanted into a petri dish, isolated by removal of
media/mucus and mechanically minced for 5 minutes with sterile scalpels.
Enzymatic digestion was achieved using 10ml of additive free DMEM:F12
supplemented with 0.5mg/ml Collagenase and 0.1mg/ml DNase 1 for 1 h at 37°C
with vigorous shaking every 20 minutes. The collagenase acts to digest the ECM
and the DNase removes viscous DNA produced after apoptosis of some of the cells
during digestion. 10ml of DMEM:F12 supplemented with 10% DCC-FBS (v/v) was
applied to deactivate the enzyme action and the sample was centrifuged at 400 x g
for 5 min. Following aspiration of the supernatant the pellet was resuspended in
12ml DMEM:F12 supplemented with 10% DCC-FBS (v/v) , transferred to a 75cm?
culture flask and incubated at 37°C with 5% (v/v) CO, overnight to allow attachment.
Aspiration of the media the following day removed blood, epithelial and unattached
cells whilst replenishment using 12ml of DMEM:F12 supplemented with 10% DCC-
FBS (v/v) every 2 days maintained the proliferating HESC culture. Upon confluency,
HESCs were passaged (as previously described) and cultured at an appropriate
dilution. Experiments were performed in DMEM:F12 supplemented with 2% DCC-
FBS (v/v) and decidualization was induced by supplementation with 0.5mM Bromo-

cAMP and 1mM MPA. All experiments were performed prior to the fourth passage.
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2.2.2.4 Isolation of Endometrial Epithelial/Stromal Cells

Biopsies were collected from consenting patients and processed immediately as
above but; Following culture in 10ml of additive free DMEM:F12 supplemented with
0.5mg/ml Collagenase and 0.1mg/ml DNase 1 for 1 h at 37°C the sample was
passed through a 40nm filter, fitted above a 50ml tube (Falcon) to isolate the stromal
cells. The filter was then moved to a fresh tube and backwashed with 20ml
DMEM:F12 supplemented with 10% DCC-FBS (v/v) to extract the epithelial cells.
The cells were spun by centrifugation for 5 minutes at 1000 x RPM, supernatant
aspirated and pellet re-suspended in DMEM:F12 supplemented with 10% DCC-FBS

(v/v) with progesterone (P,)10™ and placed into culture.

2.2.2.5 Routine Mammalian Cell Culture

Mammalian cells were routinely grown in monolayers using 75cm? culture flasks
maintained at 37°C in a humid atmosphere containing 5% (v/v) carbon dioxide (CO,)
using a Heracell incubator. Cells were maintained in DMEM:F12 supplemented with
10% (v/iv) DCC-FBS which was changed every other day and passaged when near

confluent (1-2 times per week depending on growth rate).

In brief, the media was aspirated using a vacuum, cells washed using 5 ml PBS and
1ml pre-warmed Trypsin-EDTA added. Following incubation for 5 minutes at 37 <
the cells were loosened by tapping (confirmed by inspection under the microscope).
9ml of DMEM:F12 supplemented with 10% DCC-FBS (v/v) were added to neutralize
the Trypsin and cells transferred to a 14ml Falcon tube. The cell suspension was
centrifuged at 400 x g for 5 minutes, supernatant aspirated and the pellet re-
suspended in DMEM:F12 supplemented with 10% DCC-FBS (v/v) at a suitable

dilution (Usually 1:3).
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Culture media in all cases was pre-warmed to 37°C in a water bath and syringe

filtered using a 0.2um filter and all work was carried out in a Class | safety cabinet.

2.2.2.6 Preparation of Whole Tissue Samples for RNA Extraction

Endometrial biopsies were stored in RNA later. Around 1 mm of tissue was chopped
using sterile scalpels and transferred into STAT 60 (1 ml) within a 2 ml RNase-free
tube. The sample was homogenised using a Kinematica POLYTRON® PT 1200 E
homogenizer, thoroughly cleaned using the following wash steps; 1 x RNAse zap, 3
X nuclease free water, 1 x 70% (v/v) ethanol, 1 x STAT 60. The homogenised
sample was left at RT for 5 minutes and 200 pl chloroform added before placing it
onto dry ice and storing overnight at -80 °C. RNA extraction was subsequently

performed according to protocol.

2.2.2.7 Storage of Cell Stocks

A cryoprotectant solution (2x) was prepared by adding 20% DMSO to DCC-FBS and
filter sterilised. Cells were harvested and pelleted as described above and then re-
suspended in DCC-FBS (1ml per vial). The cryoprotectant was added drop-wise
with gentle tapping (1ml/vial) to give a final concentration of 10% DMSO. The cell
suspension was then aliquotted into labelled cryovials (1.8ml/vial) transferred to an
isopropanol filled freezing container and placed at -80 °C overnight, before
transferring into a liquid nitrogen tank for long-term storage. Cells recovered from
liquid nitrogen were thawed rapidly at 37°C, pelleted as before and re-suspended in
a 75cm? culture flask containing 12ml pre-warmed DMEM:F12 supplemented with

10% DCC-FBS (V/v).
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2.2.2.8 Hormonal treatment

Confluent monolayers of cells were cultured in DMEM:F12 (without phenol red)
supplemented with 2% DCC-FBS (v/v) overnight and hormonal treatments were
applied the following day. For routine decidualization treatment, HESCs were treated
in DMEM:F12 (without phenol red) supplemented with 2% DCC-FBS (v/v), 0.5mM 8-
bromo-cAMP (cAMP) and 1uM medroxyprogesterone acetate (MPA). All cell

treatments were carried out before the fourth passage.

2.2.2.9 Cell Treatment Protocol

Endometrial cells were cultured in DMEM:F-12 supplemented with 10% DCC-FBS
(viv) (2ml/well). Cells were monitored and passaged (1:4) when at 80-90%
confluence into 6-well plates (2ml cell suspension/well) in DMEM:F-12 supplemented
with 10% DCC-FBS. Plates were monitored for cell growth and media replenished
daily until 80-90% confluence. Cells were then down-regulated overnight in DMEM
(with no phenol red, supplemented with 2% DCC-FBS (v/v)). At time of treatment the
prepared aliquots were thawed, vortexed and diluted to a working stock in serum

free, additive free DMEM.

ECM was diluted 1:100, Soybean trypsin inhibitor with diluted to 1mg/ml, Trypsin was
diluted from 1mM stock, LPS was diluted to 1ug/ml, TLR4 inhibitor (VIPER) and the
accompanying control peptide were diluted to 50uM. All media was aspirated from
the cells prior to treatment, cells were washed with PBS (1ml/well) and treatments
were applied in triplicate (0.5ml/well). Serum free DMEM was used as the control.
Cells were incubated at 37°c with 5% CO, for the course of treatment. After the
exposure time the treatment was aspirated, cells washed with PBS (1ml/well) and
either harvested or cultured further at 37°c with 5% CO,in DMEM:F12 supplemented

with 2% DCC-FBS 2ml/well.
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2.2.3 Transient Transfections

Transfections of primary HESCs were performed at 80% confluence in DMEM:F12
supplemented with 10% DCC-FBS (v/v) in 6-well plates. Transfections were
achieved using the Lipofectamine®RNAIMAX Transfection Reagent, a cationic, lipid
formulation. 50nM of siRNA was diluted in opti-MEM® Medium and incubated with
Lipofectamine®RNAIMAX Reagent at an appropriate volume for 5 minutes. The
transfection solution was added dropwise to cells to give a final volume of 250pl/well.
Cells were incubated at 37 °C and harvested 24 hours post-transfection.

SIGENOME Non-Targeting siRNA Pool 1 was used as a control.

2.2.4 Protein Analysis

2.2.4.1 Protein Extraction

HESCs were harvested from 6-well plates using RIPA buffer supplemented with
protease inhibitors (60ul/well) following a PBS wash (1ml/well). Cell Scrapers were
used to collect the lysates which were then pipetted into 0.6 pl eppendorfs and
centrifuged at 13,200 RPM for 10 min at 4°C. The supernatant was transferred to a
fresh eppendorf and stored at -80°C. Protein concentration was determined and
between 10 and 20ug was combined with loading buffer, boiled at 95°C for 10
minutes (in order to denature the proteins allowing the antibody to access the

epitope) and loaded into SDS-polyacrylamide gels.

2.2.4.2 Determination of Protein Concentration

The Bradford Assay was used to quantify the concentration of protein in the cell
lysates preceding Western blot analysis. This method employs a Coomassie Blue

dye which binds to the protein and enables quantification by comparison with a
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standard curve generated by known concentrations of a standard (BSA).

A series of BSA dilutions from 0 to 20 ug of protein were prepared in a final volume
of 800 ul. All lysates were diluted for analysis (2ul in 798ul dH,O) and vortexed.
200yl of Protein Assay Dye Reagent was added to all standards and samples, which
were vortexed and incubated at RT for 15 minutes. Standards and samples were
loaded in duplicate into a flat-bottomed optically clear 96-well plate (200ul/well) and

absorbance measured at 595 nm (Multiskan Ascent).

2.2.4.3 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE)

Proteins were resolved on discontinuous polyacrylamide gels using the Invitrogen
XCell SureLock® Mini-Cell apparatus. Gels were prepared by adding two solutions
to a Novex Gel Casting Cassette, one to form a resolving gel and the other to form a
stacking gel. The resolving gel typically contained 8% acrylamide, 1% SDS and 375
mM Tris-HCL pH 8.8. The stacking gel consisted of 5% acrylamide, 1% SDS and
125mM Tris-HCI pH 6.8. TEMED and APS were used to induce polymerization of
the gels. First the resolving gel was added to the cassette reaching 1.5cm from the
top and isopropanol was overlaid to prevent evaporation during polymerization.
Once polymerization was achieved the isopropanol was rinsed away, the resolving
gel was overlaid with the stacking gel and a comb was inserted. Once set, the comb
and tape were removed from the cassette and it was clamped into place within the
electrophoresis tank, overlaid with Running Buffer. Equal volumes of the prepared
protein samples were then added to the wells, typically 20 pl/well, alongside 10 pul of
Pre-stained Protein Ladder. Gels were run at 125 V for up to 2 hours until the dye
front had migrated to the base of the gel, at which time the cassettes were opened

and the gels used for Western blot.
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2.2.4.4 Western Blotting

The protein samples were resolved using SDS-PAGE and transferred onto a PVDF
membrane, activated in methanol, using a wet blotting method. The PVDF
membrane, filter paper and pads were pre-equilibrated in Transfer Buffer (1x) and
used to assemble a ‘sandwich’ within the cathode shell. This consisted of layering
pads, filter paper, SDS-PAGE gel, PVDF membrane, filter paper and pads to give
good contact between the electrodes. The electrode assembly was then fitted into
the tank with the membrane towards the anode and the gel towards the cathode.
Transfer Buffer was poured onto the blot module until full and into the tank until half
full and the transfer was performed at 230 mA for 2 hours. The membrane was then
transferred onto filter paper and left to dry. The membrane was reactivated in
methanol, rinsed in 1 x TBS and incubated in Blocking solution (5% Milk in TBS-T for
1 hour at RT) to prevent non-specific binding. The membrane was then washed
once in TBS-T for 15 minutes and three times in TBST for 5 minutes before
incubation with the primary antibody, diluted in Western Antibody Incubation Solution
at 4 °C overnight (unless specified otherwise on the datasheet). The dilutions used
were as follows: SCNN1A, SCNN1G, TLR4, PRSS8, PAR2 at 1: 250; B-actin at 1:
100 000. The TBS-T wash step was repeated before incubation with the HRP-
conjugated antibody, raised against the primary antibody, diluted in Western
Antibody Incubation Solution for 1 hour at RT. The TBS-T wash step was repeated,
before a 5 minute wash in TBS following which protein bands were visualised using
enhanced chemiluminescence with ECL Western blot detection system according to

the manufacturer’s instructions.

2.2.4.5 Stripping Membranes for Western Blotting

To re-probe membranes with alternative primary antibodies, membranes were

incubated in Stripping Buffer for 10 minutes, twice before washing in TBS-T (as
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above). Alternatively membranes were incubated in boiling water for 3 minutes and

then placed into cold TBS-T.

2.2.5 Assessment of proteases in embryo conditioned medium (ECM)

Embryo conditioned medium was obtained from two IVF units;

The Centre for Reproductive Medicine (CRM) Coventry & Warwickshire NHS
Trust with approval from the Ethics committee and the couples’ written, informed
consent. Embryos were cultured in individual 20ul drops of ISM1™ (Origio) and
BlastAssist™ (Origio). During this study the CRM changed their culture method to

include the ORIGIO® Sequential Series™ (Fert™, Cleav™, Blast™).

The Brussels Centre for Reproductive Medicine (Vrije Universiteit Brussel,
Brussels) with the approval of the Institutional Committee of the University Hospital
Brussels. Embryos were cultured individually in 25ul drops of Q1 (Quinn’s Protein
Plus Cleavage Medium) and Q2 (Quinn’'s Advantage™ Protein Plus Blastocyst
Medium) (Sage In Vitro Fertilization).  During this study the unit changed their
culture method to include the ORIGIO® Sequential Series™ (Fert™, Cleav™,

Blast™).

If the embryos were suitable for culture to the blastocyst stage embryo drops were
collected on Day 6 following embryo transfer on Day 5. If embryos were transferred
on Day 2 the embryo drops were collected at the time of transfer. All drops were
stored at -80°C and thawed on day of use. Empty drops, incubated alongside the

drops used for embryo culture, were used as a control.

2.2.5.1 Protease activity assay

Protease activity was measured using the EnzChek Protease Assay Kit for green
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fluorescence (E6638, Life Technologies) according to manufacturer’s protocol. This
kit contains a casein derivative that has been extensively labelled with the pH-
insensitive, green-fluorescent BODIPY® FL dye, which results in a quenching of the
fluorescent dye. Protease-catalysed hydrolysis releases the highly-fluorescent
BODIPY® FL dye-labelled peptides, allowing for quantitative detection of protease
activity in solution. The green-fluorescent BODIPY® FL dye has excitation and
emission spectra similar to those of fluorescein. Samples were thawed, warmed to
room temperature and diluted as follows; 7.5ul ECM + 92.5ul 1x Digestion Buffer per
well. Samples and standards were applied in duplicate and incubated for 24 hours at
room temperature, protected from light. Fluorescence was measured at 505/513 nm

and concentrations determined by comparison to the standard curve.

2.2.5.2 Trypsin Activity Assay

The Trypsin Activity Assay Kit (Colorimetric) (ab10253, ABCAM) was used according
to the manufacturer’s instructions to accurately measure trypsin activity in ECM. The
cleavage of a given substrate, by trypsin, generates p-nitroaniline (p-NA) which is
detected at A=405nm and the resulting colour intensity is thus proportional to p-NA

content.

Reagents were added to 0.6ml nuclease-free tubes prior to plating as follows;
Positive Control: 90ul Trypsin Assay Buffer and 10ul Positive Control Solution. pNA
Standards: 0, 4, 8, 12, 16, 20ul p-NA Standard (2 mM) with corresponding volumes
of Trypsin Assay Buffer to give a final volume of 100l per tube (to generate 0, 4, 8,
12, 16, and 20 nmol/well of the p-NA standard). All reagent tubes were inverted to
mix and samples applied to an Immuno 96-well plate (442404, NUNC) in duplicate.
Undiluted ECM/control media was added directly to the plate. A mastermix of 48pl
Trypsin Assay Buffer and 2ul Trypsin Substrate (in DMSO) per well was prepared,

vortexed and 50ul applied to each well. 1pl of 20mM Chymotrypsin Inhibitor Solution
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(N-tosyl-L-phenylalanylchloromethyl ketone or TPCK) was added to each well and
incubated at room temperature for 10 minutes. 1pl of 20 mM Trypsin Inhibitor
Control (Tosyllysine Chloromethyl Ketone hydrochloride or TLCK) was added to
TLCK control wells only and incubated for 5 minutes at room temperature.
Absorbance was measured at 405nm using a Multiskan Ascent (51118300,
ThermoSceintific) at 0, 1, 2, 3 and 4 hour time points. The plate was incubated at

25°c and protected from light for the duration.

The results were calculated as follows: For the colour generated at each time point:
A405nm = (A2 — A2C) — (A1l — A1C), where Al = absorbance at zero hours, A1C =
trypsin inhibitor control at zero hours, A2 = absorbance at subsequent time point,
A2C = trypsin inhibitor control at subsequent time point. The zero p-NA standard
was subtracted from all readings and standard curves generated from the p-NA
values at each time point. A405nm was applied to the standard curve to give the
nmol of p-NA generated in the reaction wells. Trypsin activity was determined by
applying the values to the following equation: Trypsin Activity = B/((T1-T2)xV) X
Sample Dilution Factor = nmol/min/ml = mU/ml. Where B is the p-NA calculated from
the Standard Curve (in nmol), T1 and T2 are the times of the first and second
readings (in minutes) and V is the sample volume added into the reaction well (in

ml).

2.2.5.3 PRSS8 (Prostasin) ELISA

The total abundance of prostasin in ECM samples was measured using RayBio®
Human Prostasin ELISA Kit (ELH-Prostasin, RayBiotech, Inc.) according to the
manufacturer’s protocol. Samples were thawed, warmed to room temperature and
diluted as follows; 7.5u1 ECM + 92.5ul Assay Diluent D per well. Samples and
standards were applied to the 96-well plate (mounted with immobilised antibody) in

duplicate and incubated overnight at 4°c, with gentle shaking. Following incubation
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with HRP-conjugated streptavidin and the addition of a TMB substrate solution, the
kit provides a colour change from blue to yellow according to the quantity of
prostasin present in the sample. The absorbance was read at 450nm and the

sample concentrations were determined by comparison to the standard curve.

2.2.5.4 TMPRSS2 ELISA

The total level of Tmprss2 in the samples was determined using the Human
TMPRSS2 ELISA Kit (E-EL-H1418, Elabscience) according to the manufacturer’s
protocol. Samples were thawed, warmed to room temperature and diluted as follows;
7.5ul ECM + 92.5ul Reference Standard & Sample Diluent per well. The samples
and standards were loaded, in duplicate, into the 96 well plate, pre-coated with an
antibody specific to TMPRSS2. Next, Avidin conjugated to Horseradish Peroxidase
(HRP) was added to each well and incubated. After the addition of TMB substrate
solution only those wells that contain TMPRSS2, biotin-conjugated antibody and
enzyme-conjugated Avidin will exhibit a colour change. The enzyme-substrate
reaction was terminated by the addition of sulphuric acid solution and the colour
change was measured at 450nm. The concentration of TMPRSS2 in the samples

was then determined by comparing their optical density (OD) to the standard curve.

2.2.6 Gene Expression Analysis by gRT-PCR

2.2.6.1 Quantitative Real-time Polymerase Chain reaction (QRT-PCT)

Gene expression was determined by gRT-PCR. gRT-PCR involves the detection of a
fluorescent signal which is generated relative to the amount of PCR product

generated each cycle, i.e. in real time in contrast to endpoint detection.

The SYBR Green detection system was used. The SYBR® Green dye, fluorescently

63



undetectable in its unbound form, binds to all dsDNA molecules resulting in the
emission of a fluorescent signal proportional to amplicon quantity. The fluorescence
can then be read by a sequence detector in real time, in this instance a 7500 Real
Time PCR system (Applied Biosystems). Amplification of the fluorescent signal, at
each cycle, indicates the increasing accumulation of dsDNA resulting from the
annealing and subsequent polymerisation of the cDNA. The change in fluorescence
intensity (ARN) resulting from amplification is calculated as follows; ARn = Rn* - Rn,
where Rn" is the fluorescence emission of the product at each time point and Rn" is
the fluorescence emission at the baseline. The baseline represents background
fluorescence where there is no detectable increase resulting from amplification of
PCR products. The 7500 Real Time PCR software generates amplification plots of
ARnN vs cycle number. During the initial cycles the ARn does not exceed the baseline
but as the reaction progresses the fluorescence intensity reaches a threshold defined
as a statistically significant point above the baseline. Based on the variability within
the baseline an arbitrary threshold is selected at a point in the linear phase of
exponential amplification, usually defined as 10 times the standard deviation of the
baseline, within cycles 3 to 15. The cycle threshold (Ct) is subsequently calculated by
determining the point at which the fluorescence crosses the chosen threshold limit
relative to the initial amount of target. Thus Ct values decrease linearly with
increasing target quantity. The number of PCR cycles undertaken in order for the
level of fluorescent signal to cross the given threshold is used to allocate a Ct value

which enables the determination of dsDNA quantity.

2.2.6.2 RNA Extraction

RNase ZAP, RNase-free plasticware and DEPC-treated water were routinely used to
minimize degradation of RNA. Total RNA was extracted from cells cultured in 6-well

plates by direct lysis using STAT-60 (200 pl/well), following a PBS wash (1ml/well).
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Cell Scrapers were used to harvest the RNA into pre-cooled eppendorfs which were
placed on ice. 0.2 volumes of chloroform was added to samples which were shaken
vigorously for 15 seconds then centrifuged at 12,000 x g for 15 minutes at 4°C. This
separates the sample into an aqueous, organic and interphase. The RNA resides
exclusively in the upper, colourless aqueous phase which is then transferred to a fresh
Eppendorf. To encourage precipitation 0.5 volumes of cold isopropanol are added to
the RNA before vortexing and storing at -80 °C for at least 30 minutes. The tubes
were then centrifuged at 12,000 x g for 10 minutes at 4°C. The supernatant was
discarded and pellet washed with 1 volume of 75% (v/v) ethanol by repeat re-
suspension and centrifugation at 7500 x g for 5 minutes at 4°C. The purified RNA was
air-dried for 2 minutes in a clean, undisturbed environment before adding a suitable
volume of nuclease free water and storing at — 80 ‘C. RNA concentration was
determined using a spectrophotometer (Nanodrop 1000). Pure RNA has an Axeo Asgo
ration of 1.9-2.1 and lower ratios indicate contamination. Samples were diluted to

1ug/pl with nuclease free water and stored at -80 °C.

2.2.6.3 cDNA Synthesis

Quantitect Reverse Transcription Kit (QIAGEN) was used to produce complementary
deoxyribonucleic acid (cDNA) from the RNA, according to the manufacturer’s

instructions.

Reagents were placed on ice to thaw and the work area was cleaned with IMS and
RNase Zap. The heating block was set to warm to 42°c whilst nuclease free tubes
(0.6ml) were prepared and labelled (two per RNA sample, one labelled -RT’). Once
thawed all reagent tubes were vortexed to prevent concentration gradients, spun and

placed back on ice.

Two nuclease free tubes for each RNA sample were prepared as follows;
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2ul (7x) gDNA Wipeout Buffer, 1ug Template RNA and RNAse-free water to give a
final volume of 14ul. Tubes were gently spun to mix and then heated at 42°c for 2
minutes before placing on ice. This step removes any traces of contaminating

genomic DNA.

Two separate mastermixes were then prepared with a final volume 10% greater than
required.
(1) Reverse Transcription Reaction;

1ul Quantiscript RT, 4ul Quantiscript RT Buffer (5x), 1ul Primer Mix

(2) Reverse Transcriptase Negative Control;

1ul nuclease free water, 4l Quantiscript RT Buffer (5x), 1ul Primer Mix

These were vortexed and 6ul of (1) was added to one of the duplicate tubes
containing 14ul of RNA whilst 6pl of (2) was added to the remaining 14pl of RNA,
labelled “-RT’. Tubes were spun to mix and heated at 42°c for 30 minutes before
heating at 95°c for 3 minutes to inactivate the Reverse Transcriptase reaction. The

resulting cDNA was diluted in nuclease free water and stored at -20°c.

2.2.6.4 Primer Design

The NCBI database was used to access gene sequences in order to design primers
by hand. The Roche probe library’s qRT-PCR Assay Design feature was utilised as

a starting point.

The melting temperature (Tm) was calculated with the formula Tm =
69.3+(41(GC/L))- (650/L) where GC is the number of G and C bases in the primer

and L is the length of the primer.
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Primers were amended by length and G/C content to fulfil the following
requirements;
- Sequences should be exon spanning to distinguish between cDNA and
gDNA
- Primer length between 18-24 base pairs
- Tm between 58.0°c -59.9°c
- Amplicon length between 75-110 bases
- Tms of forward and reverse primer within 1°c of one another
- At the 3’ end of the primer two of the last five bases should be G/C
- No more than four of the same base in succession
- Amplicon Tm = 64.9+(0.41x(((C+G)/L)x100)-(500/L)
- Sequences entered into the Nucleotide BLAST program (NCBI) should show
100% accuracy and specificity with no other genes with over 85% match for

that transcript, where possible

All primer sequences are provided in Appendix 1.

2.2.6.5 Primer Preparation

Primers were supplied lyophilised and re-suspended according to the manufacturer's
instructions. To avoid any risk of contamination primers were prepared in the PCR
hood and primer tubes were first centrifuged to ensure collection at the bottom of the
tube. The lyophilised primers were diluted in nuclease-free water to give a final
concentration of 100uM. Tubes were vortexed and centrifuged to ensure thorough
mixing. Working stocks (to prevent repeat freeze-thawing of primers) were prepared
for each primer by adding 20pl of diluted primer with 180pl of nuclease free water, in
nuclease free tubes, to give a final working concentration of 10uM. Primers were

stored at -20°c until required.
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2.2.6.6 Primer Optimization

All reagents and samples were thawed on ice and thoroughly vortexed and

centrifuged at each step of the procedure to ensure thorough mixing.

Working in the PCR hood to prevent contamination, a mastermix was prepared for
each primer pair to be tested (with a final volume 10% greater than that required to
allow for pipetting error). Forward and reverse primers were used at 300nM in a total
volume of 19ul in a SYBR Green master mix per well. The mastermix was added to
a MicroAmp® Optical 96-well Reaction Plate (19ul/well) followed by 1lul/well of
pooled cDNA (or nuclease free water for controls), in triplicate, according to a pre-
prepared template. The plates were sealed (using ThermaSeal RT2 film) and
centrifuged for 3 minutes at 3000 RPM before placing in the 7500 Real Time PCR

system (Applied Biosystems) covered with a mask.

RT-gPCR was performed for 40 cycles (95 °C for 15 seconds, 60 °C for 1 min), after
an initial incubation at 95 °C for 10 minutes. L19, a non-regulated ribosomal
housekeeping gene, was employed as an internal control. Upon cycle completion
the contents of the wells were aliquotted into 0.6ml RNA free tubes (combining

triplicates) and stored at -20°c.

2.2.6.7 Agarose Gel Electrophoresis

1g of powdered Agarose and 100ml of (1x) TBE solution combined and heated by
microwaving until totally dissolved. 2pl of Ethidium Bromide (an intercalating dye that
binds non-specifically to DNA/RNA and fluoresces in UV light) was added to the gel
solution upon cooling and solution swirled to mix. The gel solution was poured into a
prepared gel tray, fitted with comb, and left to set. The gel was then positioned
within the gel electrophoresis machine (comb removed) and covered with 1XTBE up
to the fill line. The PCR samples were combined with loading dye, mixed and
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pipetted carefully into the wells, in duplicate. 2ul of an appropriate ladder (e.g.
Hyperladder™ V (BIO-33031, Bioline)) was added to wells either side of samples in

order to determine size of the product. Gels were run at 10V per 1cm of gel.

2.2.6.8 Agarose Gel Extraction

A pre-weighed sample pot was prepared for each sample. DNA bands were
visualised under UV light, cut from the gel using sterile scalpels and placed into the
sample pots. Samples were weighed to determine volumes of reagents required for
each sample (100mg - 100ul). Three volumes of Buffer QG were added per volume
of gel and samples incubated at 50°c for 10 minutes. Once dissolved one volume of
isopropanol (to precipitate DNA) was added, samples pipetted onto the provided
QIAquick columns and centrifuged for 16,000G for 1 minute (at room temperature).
The flow through was discarded (as the DNA remains bound to the membrane of the
QIAquick columns) and this process repeated until the entire sample has been
used.500ul of Buffer QG was applied to each column, centrifuged (as before) and
flow through discarded. 750ul Buffer PE (to wash the sample) was added, column

centrifuged (as before) and flow through discarded.

The columns were moved into 1.5ml nuclease free tubes, 30ul Buffer EB/nuclease
free water added and samples left to incubate for 3 minutes before centrifuging (as

before) to elute the DNA.

Samples were stored at 2°c until assessed using a Nanodrop to determine DNA

concentration. DNA then diluted to 1ng/ul in nuclease free water.

2.2.6.9 Standard Curve Analysis

8 serial 1/10 dilutions were created in labelled nuclease free tubes per primer pair as
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follows; 10ul cDNA + 90ul nuclease free water. These were vortexed, centrifuged
and the process repeated for each dilution to give final concentrations ranging from
100pg/ul to 10ag/ul. qRT-PCR was performed using 300nM of the designed primers
in a SYBR green mastermix (as before) and serial dilutions applied in triplicate. Ct
Values were measured and primer efficiencies were calculated from the resulting
data.

The log of the cDNA concentration was plotted against the mean Ct values and the
primer efficiency calculated as follows: Primer Efficiency = -1/(10"gradient of the

line).

2.2.7 Intracellular Calcium Profiling

Cells were grown to ~90% confluence in 35mm glass-bottomed petri dishes (MatTek,
US). Cells were incubated with physiological saline solution (PSS) containing 5uM
Fura-2/Flou-4 AM for 40 minutes at room temperature. Pluronic F127 (0.025%, w/v)
non-ionic detergent was added to assist with dye loading. Cells were then washed
with PSS and the dish was positioned on the stage of a confocal microscope (LSM
510 META, Carl Zeiss, UK) and temperatures were maintained at 37°C with a peltier
unit. Krebs’-Heinselet, warmed to 35°C, was superfused for 20-30 minutes to ensure
de-esterification of Fura-2/Flou-4 AM was complete. Perfusion was stopped and the
volume of solution in the dish altered to 200yl in order for image acquisition. On the
stage of a Zeiss Axiovert 200M inverted microscope and visualized with a 40x
objective lens, Fura-2/Flou-4 AM fluorescence was excited using a krypton/argon laser
at 488nm and emitted light was collected above 510nm (LSM 510 META, Carl Zeiss,
UK). Images were captured at 1 frame per second via the C-Apochromat 63%/1.20 W

objective lens.

For the ECM experiments, two time sequences were assimilated for each dish. The
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first time sequence recorded baseline activity for 2 minutes, 10ul of embryo
conditioned medium was applied (to give a 1/20 dilution) and images were recorded
for the following 5 minutes. After a 10 minute interval the second recording was
initiated using the same viewing field in order to detect longer term [Ca?]i signals. 10
Ml of unconditioned ECM was added as a control and experiments with trypsin and
trypsin inhibitor were conducted in a similar manner. A cooled charge-couple device
camera at a rate of approximately one frame per second was used to capture the
fluorescence which was used to indicate [Ca*]i fluxes. Within each field of view
regions of interest (ROI) were drawn around a selected cell. The Multi Measure
function in the ImageJ ROl Manager was used to mine intensity profiles for each ROI
over time. Origin 8.5 (OriginLab Corporation, USA) was used for further processing,
graphing and statistical analysis of the imported intensity profiles. Traces were
normalised to their corresponding baseline to give a self-ratio trace (F/Fo). [Ca']i
signaling was quantified for the first and last five minute time periods by area under the
curve (AUC) calculated above the baseline (AF/Fy). Data was analysed and plotted to

show oscillatory frequency, peak response and area under the curve.

2.2.8 Microscopy

2.2.8.1 Immunohistochemistry

Paraffin-embedded, formalin fixed endometrial specimens were immunostained
using the Novolink polymer detection system. A microtome was used to create 5um
sections which were dewaxed in histoclear, rehydrated in descending ethanol
solutions before rinsing with water. Sections were exposed to 30% (v/v) hydrogen
peroxide for 5 minutes and then rinsed with TBS. Slides were then placed in a
humidified chamber for 5 minutes at room temperature with immunohistochemistry

blocking solution, which contained serum matched to the species in which the
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secondary antibody was raised. Immunostaining with primary antibodies was carried
out in a humidified chamber overnight at 4 ‘C. The primary antibody was omitted
and replaced by the corresponding immunoglobulin isotype in the case of negative
controls. Slides were washed twice in TBS and incubated with a post primary
solution for 30 minutes. Slides were washed in TBS and incubated with Novolink
Polymer for 30 minutes, to achieve visualisation of mouse/rabbit immunoglobulin
primary antibodies. Slides were washed in TBS and peroxidase activity was
developed using a diaminobenzidine (DAB) solution which produces a visible brown
precipitate at the antigen site. Sections were counterstained with Hematoxylin and

overlaid with coverslips.

2.2.8.2 Immunofluorescence

Human and mouse embryos were collected at various stages of development and
stored in 4% Para-formaldehyde/PBS at 2-8 °C. HESCs were cultured in 35mm glass-
bottomed petri dishes. They were fixed in 4% Para-formaldehyde/PBS for 1 hour at
room temperature, following removal of media and a PBS wash, then stored at 2-8 °C.
Samples were first washed in PBS and permeabilised (where appropriate) for 1 hour in
0.01% (v/v) Triton X-100 in PBS at room temperature. Following a PBS wash
incubation in 1% w/v BSA in PBS for 1 hour at 4 °C, with rocking, was performed to
prevent non-specific antibody binding. Samples were then incubated in the primary
antibodies (diluted as stated in ‘Materials 2.1.4’) overnight at 4 °C, with rocking. 1%
w/v BSA in PBS without primary antibody was used for the negative control. The
following day samples were washed in 1% w/v BSA in PBS for 10 minutes at 4 °C and
then incubated in the secondary antibodies (diluted as stated in ‘Materials 2.1.4’) for 2
hours at 4 °C, with rocking. For visualisation embryos were washed in 1% w/v BSA in
PBS and mounted onto 35mm glass-bottomed petri dishes in 10l Vectashield® with

DAPI for nuclear counterstain and overlaid with a glass coverslip. Visualisation was
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achieved using a Zeiss LSM 510 confocal imaging system.

2.2.9 Data Mining

In silico analysis was performed on the following publicly available datasets from the

Gene Expression Omnibus (Edgar et al., 2002):

Pre-implantation embryonic development (Homo sapiens): GDS3959
Pre-implantation embryonic development (Mus musculus): GDS813

Endometrium through the menstrual cycle (Homo sapiens): GDS2052

Data were exported to Microsoft Excel for analysis and graphs were generated using
GraphPad Prism® Software. Statistical analysis was performed using SPSS

Software, IBM and GraphPad Prism® Software.

2.2.10 Statistical Analysis

Differences amongst three or more group means were determined using the one-
way analysis of variance (ANOVA) followed by the Games-Howell post-hoc test.
Variables that did not fit a normal distribution were analysed using the Mann-Whitney
U test. Correlative analysis was performed using the Spearman’s rank test. Results
were expressed as means * standard error of the mean (SEM). Values of P<0.05

were considered statistically significant.
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Chapter 3

Embryo-derived Trypsin-like
Proteases in Implantation
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3.1 Introduction

Human pre-implantation embryos are known to be distinctively invasive and
unpredictable in terms of their developmental competence and chromosomal
composition (Vanneste et al., 2009, Wells and Delhanty, 2000, Voullaire et al., 2000).
Humans display correspondingly high rates of pregnancy loss, affecting up to 50% of
conceptions. Although 50% of miscarriages result from aneuploidies, the specific
and complex chromosomal rearrangements seen in blastocysts have not been
detected in clinical miscarriage samples (Fragouli et al., 2013). The genetic diversity
observed in human embryos may render implantation events adaptable to a
changing environment and aneuploidy could in fact infer an implantation advantage,
as in cancer cells (Macklon and Brosens, 2014, Vanneste et al., 2009). However this
diversity also poses a requirement for a selective human endometrium that impedes
implantation of developmentally incompetent embryos, in order to safeguard the
mother against prolonged investment in a non-viable conceptus (Macklon and

Brosens, 2014).

In order to develop a receptive yet selective phenotype the functional endometrial
compartment undergoes vast morphological and biochemical remodeling, including
decidualization, which occurs cyclically and spontaneously in humans. Insufficient
decidual preparation of the endometrial stromal cell layer results in out of phase
implantation and pregnancy loss (Teklenburg et al., 2010b). Although the embryo is
thought to make initial contact with the upper endometrial epithelium, the role of this
cellular compartment in implantation is still under debate and may differ between
species (Lucas et al., 2013). The interaction between epithelial and stromal cells,
however, is thought to orchestrate the implantation process, creating a dynamic
micro-environment capable of reacting and adapting to local requirements. In this

way the endometrium may be seen as a biosensor of embryo quality, a feature

75



illustrated by differential endometrial gene expression patterns upon exposure to
embryos of altered origins or varying quality (Sandra and Renard, 2011, Brosens et
al., 2014, Salker et al., 2010). In addition to supporting implantation of viable
embryos, HESCs specifically target and eliminate compromised embryos (Brosens
et al., 2014) and thus malfunction of the endometrial biosensor may lead to a
prolonged maternal investment in non-viable embryos (Weimar et al., 2012b, Salker
et al.,, 2010). This theory has been substantiated by the observation that HESCs
from women suffering with RM fail to discriminate between viable and non-viable

embryos (Teklenburg et al., 2010a).

In order for the endometrium to function as a biosensor, human embryos must
produce mechanical or chemical signals that convey their developmental potential to
the maternal cells. It is expected that such signals would be heightened at the
blastocyst stage, when the embryo implants. Various factors have been studied and
implicated in the process of implantation (Table 1.5.1), mainly using gene deletion
studies in rodent models, but none have been shown to result in a defined human
maternal response in line with the biosensoring theory. However a recent study,
focusing on the mouse, has comprehensively implicated a role of embryo-derived
serine proteases, notably trypsin, in regulating the decidual response through

cleavage of the epithelial sodium channel (ENaC) (Ruan et al., 2012).

In this chapter | use a variety of methods, ranging from a comprehensive literature
search, analysis of microarray databases, protein measurements and co-culture
experiments, in order to identify candidate embryo-derived signals involved in

maternal embryo recognition and biosensoring.

| demonstrate that tryptic proteases play an important role in the implantation

process in the human. Both evolutionarily conserved and non-conserved pathways
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contribute to the generation of a complex protease signal that act on specific
receptors in human decidualising stromal cells. Furthermore, the embryo-derived
protease signals fluctuate between human embryos according to their ability to

implant in vivo.
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3.2 Results

3.2.1 Trypsin literature search

As discussed in Chapter 1, a key role for embryo-derived trypsin-like proteases has
been described in murine implantation (Ruan et al., 2012). | performed an electronic
literature search using the PubMed database focusing on a role of trypsin and
trypsin-like proteases in embryo development and/or implantation. The keywords
‘trypsin’ or ‘protease’ in conjunction with ‘embryo’, ‘implantation’ or ‘reproduction’ in
the title or abstract, were used. | restricted the search to articles published in the
English language between 1970 and December 2015. This literature search
identified 1456 articles and implicates embryo-derived trypsin activity as an important

mediator of implantation across, at least, ten different species (Table 3.2.1).

The results of the literature search reveal that trypsin-like proteases are involved in
early/pre-implantation embryo development of the salmon louse, tiger mosquito,
marine crab, Xenopus frog and mouse (Table 3.2.1). Furthermore, the search
directly implicates trypsin-like proteases in regulating zona lysis and embryo hatching
in rabbit, mouse, rat, sheep and hamster embryos (Table 3.2.1). The literature even
details a role for protease activity beyond hatching, promoting embryo attachment
and penetration of endometrial cells in mice and rats, and placental development in
Rhesus monkeys (Table 3.2.1). Implantation-related trypsin activity in mice is
reported to encompass a complex system of at least two types of proteolytic activity,
either locally secreted or located at the cell surface. In this species, trypsin and
protease inhibitors were found to reduce the number of implantation sites, promote
fetal loss and reduce fetal birth weight in vivo (Table 3.2.1). No study to date has

designated a role for trypsin in either human blastocyst development or implantation.
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Table 3.2.1 The Role of Trypsin-like Proteases in Implantation: A Review of the Literature

Species Experimental Details Conclusions Reference
Aedes - Analysis of trypsin-like serine peptidase profiles in eggs, - Trypsin-like serine proteases are (Saboia-Vahia
Albopictus larvae and pupae by zymography and SDS-page. important in early mosquito et al., 2013)
-  Differing proteolytic bands were observed at each development.
stage, and could be inhibited by a serine protease
inhibitor (phenyl-methyl sulfonyl-fluoride/PMSF) and
trypsin-like serine protease inhibitor (Na-Tosyl L-lysine
chloromethyl ketone hydrochloride/TLCK), in larvae and
pupae.
Hamster - Measured the effect of various proteases on zona - Cysteine proteases may mediate (Mishra and
pellucida (ZP) dissolution. blastocyst hatching in hamsters. Seshagiri, 2000)
- Cysteine protease inhibitors completely inhibited ZP - This differs from previous evidence
escape whereas trypsin inhibitors had a reduced effect. which demonstrated a role of trypsin-like
proteases in this process.
L.Salmonis - Trypsin-like LsTryp10 mRNA was found to be evenly - Atrypsin-like protease, of both maternal  (Skern-
distributed in ovaries and oocytes and produced both and embryonic sources, was detected in  Mauritzen et al.,
maternally and by embryos. oocytes. 2009)
- Maternally deposited and embryonic LsTryp10 appear - The protease was differentially regulated
to be translated from dissimilar pools of MRNA; one and had different functions according to
being maternally transcribed and the other being its origin.
transcribed post- fertilization.
- Maternally derived LsTryp10 is thought to regulate the
yolk degradome.
Marine - Biochemical composition and digestive enzyme activity - Trypsin activity is detectable during early (Xu et al., 2013)
Crab was analysed throughout embryonic development. and late embryonic development.
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Mouse

Mouse

Mouse

Mouse

Increased trypsin activity was detected in the early and
late stages.

Tested a range of enzymes and their effects on the ZP.
Lysis of ZP in vitro could only be achieved by trypsin or
pronase.

Embryos were cultured on monolayers of decidual cells
and exposed to soybean trypsin inhibitor and
nitrophenol-p-guanidino benzoate (NPGB).

NPGB alone had the greatest inhibitory effect on
blastocyst development compared to alternative trypsin
inhibitors alone.

However when inhibitors were combined the inhibitory
effect was even greater.

Applied a trypsin assay to homogenised embryo pellets
and embryo culture supernatants.

Tested the effect of inhibitors on in vitro embryos.

The most significant results were found when using
trypsin inhibitors which were too large to enter the
blastocyst, suggesting a cell surface or secreted
enzyme.

Enzymatic activity measured in embryo culture medium
Embryo protease activity increased during hatching and
could be strongly inhibited following administration of
trypsin inhibitors.

Only weak inhibition was observed with non-trypsin
specific inhibitors.

The lysin secreted by the embryo prior to
implantation must be a proteolytic
enzyme.

Suggests a complex system of at least
two types of proteolytic activity is
required for implantation and embryo
attachment in mice.

Strypsin is a membrane associated
trypsin-like protease involved in
blastocyst hatching.

Protease activity of hatching blastocysts
results from trypsin and/or trypsin-like
serine proteases.

(Bowman and
McLaren, 1970)

(Kubo et al.,
1981)

(Perona and
Wassarman,
1986)

(Sawada et al.,
1990)
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Mouse

Mouse

Mouse

Rat

Pregnant mice were injected, intraperitoneally, with
Ascaris trypsin inhibitor on day 12 to 15 of pregnancy.
On day 19 implantation sites, early resorptions and
living and dead foetuses were counted.

Ascaris trypsin inhibitor leads to maternal deaths,
abortions, increased fetal deaths and decreased mean
fetal weight of living fetuses

Intrauterine injection of serine protease inhibitor 4-(2-
aminoethyl)benzenesulfonyl fluoride hydrochloride
(AEBSF) on day 3 of pregnancy.

Mice were sacrificed and uterine horns harvested on
day 8 to count the number of implantation sites.

The number of implantation sites was reduced in
response to increasing AEBSF concentration.

This effect was reversible and AEBSF has cytotoxic
effect on the uterine epithelia.

Used liquid chromatography/mass spectrometry to
analyse secreted proteins from recently activated
oocytes.

Prss1 was the most abundant of all 18 proteins found in
the ZP free group. Only 6 proteins were found in ZP
intact group.

Intrauterine injections of protease inhibitors (of
chymotrypsin-like, thiol-, metallo- and trypsin-like
proteases) on day 5 of pregnancy.

5 to 6 hours later embryos were flushed from the uterine
horns and examined.

Implicates a role for trypsin in both
uterine and embryonic development.

AEBSF impairs implantation, possibly
due to interference in extracellular matrix
remodelling.

Prss1, Trypsinogen 7, Trypsin 4 and
Trypsin 10 are secreted from recently
activated oocytes suggesting a direct
role in regulation of fertilisation and
embryonic development.

A number of proteases play specific
roles in embryo development and
hatching in rats;

Trypsin-like and metallo- proteases are
implicated in zona lysis.

(Blaszkowska,
2005)

(Sun et al.,
2007)

(Peng et al.,
2012)

(Ichikawa et al.,
1985)
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Rat

Rabbit

Rhesus
Monkey

Sheep

Cervical dislocation of pregnant mice on day 3 of
pregnancy. Uterine horns dissected and endometrial
cells collected. Blastocysts collected prior to dissection
via uterine flushing and co cultured with endometrial
cells and AEBSF.

AEBSF containing wells showed abnormal aggregation
of endometrial cells and inner mass shrinking of the
blastocyst leading to blastocyst and cell death.

The effect of various proteases, including trypsin, were
measured on the development and hatching of
blastocysts.

Trypsin was one of the enzymes sufficient in low

concentrations to result in blastocyst complete hatching.

ISH (In situ hybridisation) experiment investigating
MRNA localisation of and PN-1 (protease nexin-1).
Intense localisation of MRNAs was observed in
trophoblastic shell and column, glandular epithelium
and placental villi on day 12-18.

PN-1 mRNA levels increased significantly on day 26.

Enzymatic removal of the ZP in vitro of both fertilised
and unfertilised eggs using various proteases.

Chymotrypsin-like proteases and thiol
proteases are implicated in growth and
development of the embryo.

Protease activity is required for
blastocyst hatching and penetration of
endometrial cells in vitro.

Rabbit blastocyst hatching in vivo may
involve trypsin-like proteases.

Prss8 is implicated in endometrial
epithelial morphology establishment,
tissue remodelling, and trophoblastic
invasion during early pregnancy.

The cognate Serpin, PN-1, was not
reciprocally expressed, generating a
tissue environment supporting the
proteolytic activities of Prss8 throughout
early pregnancy.

Pronase may have a greater effect than
trypsin on the lysis of the ZP prior to
implantation in sheep.

(Jiang et al.,
2011)

(Kane, 1986)

(Lin et al., 2006)

(Moor and
Cragle, 1971)
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Xenopus
Laevis

Xenopus
Laevis

Pronase was the major protease showing a lytic effect
on fertilised egg ZP however trypsin and chymotrypsin
had a significant effect after a prolonged period of time.
However greater sample numbers were used for
pronase analysis.

A secreted trypsin-like oviducal protease, oviductin,
renders Xenopus eggs fertilizable by the conversion of
glycoproteins gp43 to gp41.

Isolated, unfertilised egg envelopes were incubated with
trypsin, chymotrypsin, p-aminobenzamindine and
leupeptin.

A sperm binding assay revealed that trypsin treatment
dramatically increased sperm binding to egg envelopes.

Cloning of cDNA from Xenopus embryos using RT-PCR
and comparison against human membrane type serine
protease 1 (MT-SP1) and trypsin.

Overexpression of Xenopus embryonic serine protease
2 (XESP-2) and the Xenopus homolog of MT-SP1
(XMP-SP1) had significant defects to embryo
development.

Injecting XESP-2 inhibited progression through to
blastophore closure.

XESP-2 has a cysteine rich scavenger receptor, similar
to the protease encoded by TMPRSS2.

Trypsin activity renders Xenopus eggs
penetrable by sperm and capable of
fertilization by selectively cleaving gp43
on the egg envelope mimicking oviductin
action.

Isolated three embryo-derived TTSPs
cDNAs with distinct patterns of
regulation during embryogenesis.
XESP-2 and XMP-SP1 were found to
play a role in regulating embryo
development.

(Lindsay and
Hedrick, 1998)

(Yamada et al.,
2000)
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3.2.2 Trypsin activity in human embryos

In order to determine a role for trypsin activity in human implantation, embryo culture
media (ECM) drops, in which embryos were cultured for IVF treatment, were routinely
collected and stored at -80°C. These culture drops were tested for the presence of
protease and trypsin activity in order to identify whether such activity may be as
important in human implantation as observed in other species. The ECM either
contained a number of co-cultured embryos from a single patient (‘pooled’), or

embryos that were cultured individually for time-lapse imaging (‘individual’).

Protease activity was measured using the Enzchek® assay. This assay measures
protease catalysed hydrolysis of a casein derivative, which causes release of the
quenched fluorescently labelled peptides (BODIPY FL dye). The level of
fluorescence measured is proportional to protease activity. Trypsin activity was
measured using an assay that employs a trypsin-specific substrate, which upon
cleavage by trypsin generates p-nitroaniline (p-NA) detectable at OD = 405. The

colour change is thus proportional to p-NA content.

To determine if trypsin activity is generated by human embryos, ECM of 163 pooled
embryos from 16 individuals were analysed using the trypsin assay (Figure 3.2.2.1a).
As shown, trypsin activity was detectable, although the level of activity varied widely

between culture droplets (median: 20.9 mU/ml; range: 0.7 to 45.4 mU/ml).

In order to obtain more precise measurements of protease and trypsin activity, ECM
of 87 individually cultured embryos from 21 individuals were analysed using the
Enchek® and trypsin assays (Figure 3.2.2.1b,c). Embryos were divided into two
groups according to the day of pre-implantation embryo development at the time of
ECM collection (day 2 or day 5). Data were normalised to activity in unconditioned

medium (UCM) droplets, which were not used for embryo culture, and mean values

84



are displayed.

Protease activity was measured in 47 individual ECM droplets and was increased in
the ECM of day 5 embryos (median: 247.7 % change from control; range: 0.0 to
806.6 % change from control) compared to day 2 embryos (median: 38.3 % change

from control; range: 0.0 to 546.1 % change from control) (Figure 3.2.2.1b).

Trypsin activity was measured in 40 individual ECM droplets and similar to protease
activity, was increased in the ECM of day 5 embryos (median: 34.7 % change from
control; range: 2.1 to 76.7 % change from control) compared to day 2 embryos
(median: 10.3 % change from control; range: 0.0 to 46.4 % change from control)

(Figure 3.2.2.1c).

The recorded levels of protease and trypsin activity varied markedly between
individual ECM droplets (range: 0 to 806.6 % change from control; range: 0 to 76.7 %
change from control, respectively) (Figure 3.2.2.1b,c). This variation is partly, but not

entirely, explained by increased activity from embryos at day 5.

A high rate of attrition is observed during in vitro culture of human embryos with a
majority of embryos arresting before the blastocyst stage. Therefore separation of
ECM according to the day of development does not accurately reflect the
developmental stage of the embryo. In our unit embryo transfers are conducted
according to developmental day rather than embryo developmental stage. To
determine whether trypsin activity reflected embryo developmental stage, 39 ECM
droplets from day 5 transferred embryos were separated according to the
developmental stage of the embryo (morula, cavitating, blastocyst) and subjected to
the trypsin assay (Figure 3.2.2.2). Although the majority of embryos included in this
analysis had reached the blastocyst stage (n = 24), this data shows a close trend
towards increasing trypsin activity in line with developmental maturation.
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Day 5 transferred blastocysts are routinely graded according to the Gardner grading
system (Gardner et al., 2000), which assigns values to the level of blastocoel
expansion in combination with the morphological quality of two polarised cell
compartments that comprise the blastocyst. The outer shell-like TE that will give rise
to the extraembryonic membranes and the inner cluster of cells that will give rise to
the fetus, the ICM. These compartments are graded independently by an
embryologist just prior to embryo transfer and the grades have been shown to reflect

embryo implantation potential (Gardner et al., 2000).

Blastocoel expansion is graded as follows:

1, the blastocoel is less than half of the volume of the embryo;

2, the blastocoel is half of or greater than half of the volume of the embryo;

3, the blastocoel completely fills the embryo;

4, the blastocoel volume is larger than that of the early embryo, with a thinning zona;
5, the trophectoderm is starting to herniate though the zona;

6, the blastocyst has completely escaped from the zona.

For fully formed blastocysts (with a blastocoele grading of 3-6) the inner cell mass is

graded as follows:
A, tightly packed, with many cells;
B, loosely grouped, with several cells;

C, very few cells.
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For fully formed blastocysts (with a blastocoele grading of 3-6) the trophectoderm is

graded as follows:
A, many cells forming a cohesive epithelium;
B, few cells forming a loose epithelium;

C, very few large cells.

To determine if trypsin activity varies between high and low quality embryos, 21
individual ECM drops from blastocysts transferred on day 5 were measured using
the trypsin assay, and separated according to their morphological grading via the
Gardner scale (Figure 3.2.2.3). In brief, groups A and B denote good to average
quality embryos whereas group C denotes poor quality embryos. Though numbers
are limited, this analysis revealed that increased trypsin activity was detectable in
ECM drops from embryos with poorer quality trophectoderm. This may be explained
by a propensity of trypsin, produced by the embryo, to leak out between the cells
within the trophectoderm layer in cases where the cells are more loosely packed.
The result may be decreased trypsin levels within the blastocyst itself potentially
impairing the ability of the blastocyst to adequately undergo the hatching process, a

prerequisite for implantation.

This work provides novel evidence of trypsin activity being produced by human
embryos, which complements the wealth of literature designating a role for trypsin
during the implantation process (Table 3.2.1). Although the exact role of trypsin in
human implantation requires further investigation | speculate that it may mirror that of
other species and contribute to blastocyst hatching, embryo attachment, invasion and

maternal recognition.

87



100—E
= ] ®
E
=
E 10 4
S 3 °
3]
3 ]
14 ® Ld
; E ':o~
o
ey
’—
0.1 T
ECM
B C
1000+ 100+
*% *%*
'—é 8001 . :9\ 80+ ;
g = 600+ o -S = 601 .
o < < 9 .
55 : -~ g% : :
S > 1 . 3 2 > . »
Q c 400 o o c 40 - °
ow® 2 ® . ——y
&5 : . TS : :
® 200 . X 20 : .
—yrr— %
‘. s
o- ®e00000® b 0- ®ep °
Day 2 Day 5 Day 2 Day 5

Figure 3.2.2.1 Protease and Trypsin activity in ECM a) Trypsin activity in day
5 pooled ECM (n = 16). b) Protease activity in individual ECM (n = 49, P =
0.006) using the Enzchek® assay. c) Trypsin activity in individual ECM (n = 38,
P = 0.0015). All measurements were performed in duplicate, normalised to
UCM and are displayed as mean values. Mann Whitney statistical analysis was
applied. *P < 0.05; **P < 0.01; **P < 0.001.
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Figure 3.2.2.2 Trypsin activity and pre-implantation embryo development.
Trypsin activity in individual ECM (n = 39). All measurements were performed in
duplicate, normalised to UCM and are displayed as mean values. Median values are
displayed for each group. ANOVA statistical analysis was applied (F = 1.569, P =
0.2133) with Brown-Forsythe test (P = 0.0757).
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Figure 3.2.2.3 Trypsin activity and morphological grade. Trypsin activity in
individual ECM from blastocysts transferred on day 5 (n = 21) and separated
according to morphological grade (A = good, B = satisfactory, C = poor). All
measurements were performed in duplicate, normalised to UCM and are displayed
as mean values. Median values are displayed for each group. Mann Whitney
statistical analysis was applied (ICM P = 0.0622, TE P = 0.0355).
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3.2.3 Trypsin induces calcium Ca?" oscillations in Ishikawa cells

A recent study illustrated that trypsin could induce morphological changes that
mimicked decidualization in murine endometrial cell cultures via a sustained rise in
intracellular calcium ions ([Ca®']) (Ruan et al., 2012). The authors speculated that
embryo-derived trypsin activity may similarly regulate implantation in humans (Ruan

etal., 2012).

Ca®* coordinates various physiological and biochemical processes, acting as
widespread secondary messengers in signal transduction pathways. To establish
whether trypsin induces Ca®" signaling in human endometrial cells, we monitored
Ca?" oscillations in individual Ishikawa cells, a well-studied human endometrial
adenocarcinoma cell line, by confocal microscopy. Ishikawa cells were first pre-
loaded with fura-2 (0.5 pg/ml), a sensitive, high affinity, ratiometric indicator dye that

1 measurements around basal concentrations. A

is widely used for accurate [Ca
shift in the excitation spectrum of fura-2 upon binding to Ca?" permits ratio
measurements, which overcome problems associated with uneven dye loading,
leakage, photobleaching and unequal cell thickness. Upon treatment with trypsin

(10 nM) [Ca®']; oscillations were observed and persisted for around 10 minutes

(Figure 3.2.3.1a).

Ca’* may enter the cytoplasm from external sources via calcium channels in the cell
membrane, or from emptying of internal stores, i.e. mitochondria and endoplasmic
reticulum. To determine the nature of the Ca®* response to trypsin, the previous
experiment was repeated in the absence of extracellular Ca®*. This resulted in a

], to below the baseline level

single [Ca®"]; transient, followed by a decline in [Ca
(Figure 3.2.3.1b). Re-addition of Ca®*" to the extracellular solution resulted in
resumption of oscillations (Figure 3.2.3.1b). The data indicate that a single initial

increase in [Ca®']; upon trypsin application originates from the emptying of an
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intracellular store, whilst store-operated Ca?* entry channels (SOCE) are crucial to

the sustained calcium signalling response to trypsin.

Sarco/Endoplasmic Reticulum Ca?* ATPase (SERCA) resides in the sarcoplasmic
reticulum (SR) where it transfers Ca® from the cell cytosol to the SR lumen via ATP-
hydrolysis. The “Ca®" re-addition” protocol (Bird et al., 2008) was used in order to
determine the existence of SOCE in Ishikawa cells. SERCA was inhibited, in the
absence of extracellular Ca®*, using cyclopiazonic acid (CPA), which resulted in
depletion of Ca®* content from the ER due to passive Ca*" leakage (Figure 3.2.3.1c).
The amplitude and rate of rise of [Ca?]; upon re-addition of extracellular Ca®*
demonstrates SOCE activation in Ishikawa cells. Furthermore, an increased rate

2+]i

and amplitude of the [Ca“']; rise upon application of CPA in addition to trypsin (10

nM) suggests that trypsin potentiates SOCE (Figure 3.2.3.1d).

These findings clearly demonstrate that trypsin can induce sustained, SOCE-

dependent Ca?* oscillations in human endometrial (Ishikawa) cells.
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Figure 3.2.3.1 Trypsin-induced Ca* oscillations in Ishikawa cells. a) 10 nM
trypsin application in the presence of extracellular Ca*. b) 10 nM trypsin

application in the absence of extracellular Ca®* followed by re-addition of
extracellular Ca®" after 5 minutes. c) Inhibition of the SERCA pump via CPA and
activation of SOCE via the “Ca*" re-addition protocol” (Bird et al., 2008). d) As
(c) but in the presence of trypsin (10 nM). Fluorescence intensity for fura-2 (0.5
pg/ml) is shown as the 340/380 ratio, calculated from excitation at 340 nm (high
calcium) and 380 nm (low calcium) with emission set at 510 nm (LSM 510
META, Carl Zeiss, UK). Work done in collaboration with Dr Anatoly Shmygol.
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3.2.4 Trypsin-dependent gene expression in Ishikawa and HEECs

Ca®* signaling, mediated by embryo-derived trypsin, has been shown to induce
Ptgs2 expression, which codes for COX-2, a key mediator of prostaglandin

synthesis in mouse implantation (Ruan et al., 2012).

In order to assess whether trypsin impacts this prostaglandin synthesis pathway in
humans, trypsin (10 nM) was applied to confluent cultures of Ishikawa cells and
human endometrial epithelial cells (HEECs). Trypsin was withdrawn after 15
minutes and RNA was harvested for gqRT-PCR 24 hours later. This brief exposure
to trypsin was sufficient to induce PTGS2 expression 5-fold in Ishikawa cells (Figure

3.2.4.1a,) and 1.8-fold in HEECs (Figure 3.2.4.1b).

To determine whether increased PTGS2 expression upon trypsin exposure
correlates with COX-2 levels, Ishikawa cells were exposed to increasing
concentrations of trypsin (0 to 100 nM) for 15 minutes. Protein was harvested after
24 hours and COX-2 protein levels were measured via SDS-PAGE and Western
blot (Figure 3.2.4.1c). The findings indicate that induction of PTGS2 in response to

a tryptic signal is paralleled by the induction of COX-2 at protein level.
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Figure 3.2.4.1 PTGS2 and COX-2 expression upon trypsin exposure.

a) Ishikawa cells exposed to trypsin (10 nM, 15 minutes). b) Pooled HEECs
exposed to trypsin (10 nM, 15 minutes). RNA was harvested at 24 hours and
PTGS2 transcript levels analysed, in triplicate, via gqRT-PCR. Data are
normalized to L19 and shown as mean values (+SD). c) Ishikawa cells exposed
to increasing trypsin concentrations (0 to 10 nM) for 5 minutes. Protein was
extracted at 24 hours and COX-2 levels measured via western blot. B-actin was
used as a loading control.
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3.2.5 Embryo-derived trypsin induces Ca?* signaling in Ishikawa cells

To determine whether embryo-derived trypsin activity could induce Ca** signaling in
endometrial cells, Ishikawa cells were treated with ECM (diluted 1:20). In order to
monitor Ca?* concentrations, cells were pre-loaded with fluo-4 AM (5 uM), a non-
fluorescent acetoxymethyl ester, which is cleaved intracellularly to give the single-
wave, green-fluorescent calcium indicator fluo-4. Despite possessing lower affinity
for Ca®* than fura-2, fluo-4 permits measurements of greater rises in calcium levels,
accurately detecting Ca?" concentrations from 100 nM to 1 pM (Gee et al., 2000).
Following application of ECM, the cells were subsequently monitored for 15 minutes

(Figure 3.2.5.1a,b).

ECM induced Ca?* oscillations in Ishikawa cells that varied markedly according to
embryo quality (Figure 3.2.5.1a,b). ECM from competent embryos, i.e. successfully
implanted, induced a sharp but transient rise in [Ca®'];, lasting 3.5 minutes (Figure
3.2.5.1a). In contrast, ECM from embryos deemed unsuitable for transfer (‘poor
quality’) induced a sharp initial rise in [Ca?"], followed by sustained, repetitive, Ca
oscillations, which persisted for the entire observation period (Figure 3.2.5.1b). This
data suggest that embryo-derived signals can induce Ca?' in the endometrium.

Crucially ‘good quality’ and ‘poor quality’ embryos induce differential endometrial

responses.

To determine whether the observed Ca* responses in Ishikawa cells resulted from
trypsin activity in ECM, cells were pre-loaded with soybean trypsin inhibitor (1
mg/ml) before adding ECM (Figure 3.2.5.1c). This resulted in a dramatic reduction

in the initial [Ca®"];

rise in response to ECM addition (Figure 3.2.5.1a,b) and entirely
abolished subsequent Ca** oscillations (Figure 3.2.5.1c). These findings indicate
that embryo-derived trypsin activity is required for the Ca®" signaling responses

observed upon treatment of Ishikawa cells with ECM.
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To further characterize the Ca?* signaling responses observed upon application of
ECM, Ishikawa cells were treated with trypsin (10 nM) (Figure 3.2.5.1d). Sustained,
repetitive Ca”* oscillations were detected following exposure to trypsin (Figure
3.2.5.1d), which mimicked the response to ECM from poor quality embryos (Figure
3.2.5.1b). As expected, the magnitude of the Ca®* peaks were greater upon trypsin
application, compared to ECM, but the pattern and duration of the Ca®" oscillations
were comparable (Figure 3.2.5.1b,d). Pre-treatment of the Ishikawa cells with
soybean trypsin inhibitor (1 mg / ml) diminished the response to trypsin and curtailed

the prolonged Ca** oscillations observed previously (Figure 3.2.5.1¢).

These findings confirm a role for trypsin as a potential embryonic signal, detectable

by endometrial cells and containing intrinsic information on embryo competency.
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Figure 3.2.5.1 [Ca™]i oscillations in Ishikawa cells with ECM and trypsin.
a) ECM (1:20 dilution) from successfully implanted embryos applied at 2
minutes. b) ECM (1:20 dilution) from poor quality embryos applied at 2 minutes.
c) Cells pre-treated with soybean trypsin inhibitor (1 mg/ml), ECM (1:20 dilution)
added at 2 minutes. d) 10 nM trypsin applied at 2 minutes e) Cells pre-treated
with soybean trypsin inhibitor (1 mg/ml), 10 nM trypsin added at 0 minutes.
Ishikawa cells were loaded with 5uM fluo-4-AM, excitation achieved at 488 nm
and emitted light collected above 510 nm. Images were captured by confocal
microscopy at 1 frame per second via the C-Apochromat 63 x/ 1.20 W objective
lens (LSM 510 META, Carl Zeiss, UK). Traces show fluorescence within
individual cells expressed as a fold increase over fluorescence at time 0 (F/Fo).
Data are representative of 4 replicates. Work done in collaboration with Dr
Anatoly Shmygol.
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3.2.6 Embryo-derived trypsin induces Ca?* signaling in DESCs

The endometrial epithelium is largely regarded as a barrier to implantation in the
mouse, which embryo(s) must breach in order to make contact with the underlying
stromal cells and initiate decidualization. In humans, the stromal compartment
undergoes cyclic decidualization, in the absence of an embryo, and co-operation
between the stroma and overlying epithelial compartments is thought to orchestrate
implantation. Consequently we speculated that, in humans, the maternal response
induced by embryo-derived trypsin activity would extend beyond the epithelial layer

and encompass the DESCs.

ECM was previously shown to induce differential calcium signalling responses in
Ishikawa cells according to the quality of the cultured embryos (‘poor quality’
embryos compared to successfully implanted embryos). To more accurately assess
whether embryo-derived trypsin activity determines implantation outcome, we
compared ECM from day 5 transferred embryos according to the resulting pregnancy
outcome (P = Pregnant, NP = Not Pregnant). In this way embryos were
morphologically and developmentally alike and Ca*" signaling responses could be

directly attributed to implantation outcome.

To determine whether trypsin-dependent Ca®* signalling extends to the stromal
compartment, primary DESCs were pre-loaded with fura-2 and treated with ECM

(diluted 1:50). The cells were subsequently monitored for 15 minutes.

ECM from transferred embryos was found to induce Ca” signalling responses in
DESCs that varied strikingly according to their implantation competence (Figure
3.2.6.1a,b). ECM from successfully implanted embryos (P) induced a sharp initial

2+]i

rise in [Ca?']; followed by a suppression of subsequent Ca?" oscillations (Figure

3.2.6.1a). In contrast, ECM from embryos which failed to implant (NP) induced
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sustained Ca** oscillations (Figure 3.2.6.1b).

After 15 minutes of ECM treatment, trypsin (10 nM) was applied to the DESCs in
order to identify whether ECM and trypsin induced Ca** signaling via a common
pathway. Trypsin application following ECM treatment induced an initial rise in
[Ca®*], (Figure 3.2.6.1a,b) but the Ca®" oscillations were short lived and greatly
reduced when compared to the control (Figure 3.2.6.1c). This data implicates trypsin

as the embryo-derived signal inducing Ca** oscillations in DESCs.

These findings are very similar to those observed in epithelial cells (Figure
3.2.5.1a,b) suggesting that Ca** signalling in response to embryo-derived trypsin also
encompasses the stromal compartment in the human endometrium. Overall the Ca**
transients appear to be less prominent in DESCs compared to Ishikawa cells.
However, this difference may be explained by the higher ECM dilution used (1:50
compared to 1:20) and the difference in Ca®* sensitive probes (fura-2 compared to

fluo-4).

The data further confirm a role for trypsin as an embryo-derived signal and indicate
that biosensoring is not confined to the pre-implantation embryo but continues upon

breaching of the luminal epithelium.

100



1.2{ 1:50 ECM (P) 10nM Trypsin 1.241:50 ECM (NP) 10nM Trypsin
T —
o 8 1
© ©
5 8 os
< <
o o
© ©
— S
= 5
[V 'S
0 200 400 600 800 10001200 1400 16001800 0 200 400 600 800 10001200 1400 16001800
C Time (s) Time (s)
10nM Trypsin
12{ —————
o 19
T s
S os!
<
. 06
o
S 04
i P
0.2 1 ‘ i
0 200 400 600 800 1000

Time (s)

Figure 3.2.6.1 [Ca®i oscillations in DESCs. a) ECM (1:50) from successfully
implanted embryos (P, pregnant), then 10 nM Trypsin at 15 minutes. b) ECM
(1:50) from embryos which failed to implant (NP, not pregnant), then 10 nM
Trypsin at 15 minutes. c¢) 10 nM Trypsin. Cells were collected from mid-luteal
endometrial biopsies, loaded with 5uM fura-2 and imaged by confocal microscopy.
Fluorescence intensity for fura-2 (0.5 pg/ml) is shown as the 340/380 ratio,
calculated from excitation at 340 nm (high calcium) and 380 nm (low calcium) with
emission set at 510 nm (LSM 510 META, Carl Zeiss, UK). Traces show
fluorescence within individual cells. Data are representative of 4 replicates. Work
done in collaboration with Dr Anatoly Shmygol.
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3.2.7 Trypsin biosynthesis pathway

Trypsin is formed by enzymatic degradation of trypsinogen and its activity may be
modulated by the action of numerous trypsin and protease inhibitors. A simplified
regulatory pathway of trypsin production has been described in the pancreas (Figure
3.2.7.1) (Ir et al., 1996, Itoh et al., 1996). Enteropeptidase (encoded by TMPRSS15)
is deemed the ‘master regulator’ of trypsin activity due to its role in cleavage and
activation of the trypsin zymogen, trypsinogen (Ir et al., 1996). This activation initiates
a cascade of trypsin release, which is able to auto-activate trypsinogen, further
increasing trypsin production. Alpha-1 microglobulin/bikunin precursor (AMBP), on the
other hand, encodes a complex plasma glycoprotein which, upon proteolytic

processing, produces bikunin which is a urinary trypsin inhibitor (Itoh et al., 1996).

| analysed microarray data in both human and murine embryos at differing pre-
implantation developmental stages in order to identify the expression patterns of

genes implicated in the trypsin pathway.

The gene encoding trypsinogen itself, PRSS1, is not regulated during pre-
implantation development (Figure 3.2.7.2). However, in line with a role for trypsin in
implantation, TMPRSS15 expression is markedly increased beyond the 8-cell stage in
human embryos (Figure 3.2.7.2). This pattern was not reciprocal in the mouse where
there is no change in Tmprssl5 expression with embryo development (Figure
3.2.7.3). Concurrently, AMBP expression is decreased beyond the 8-cell stage in
human embryos whereas expression is unchanged in mouse embryos (Figures

3.2.7.2 and 3.2.7.3).

The Inter-alpha trypsin inhibitor (lal) family contains serine protease inhibitors formed
from three of the four lal heavy chains (ITIHs). Transcriptional regulation of the ITIH

genes during pre-implantation development could thus potentially influence embryo-
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derived trypsin activity. Interestingly ITIH expression patterns are clearly distinct
between mouse and human embryos. Itihl decreases from the 1-cell stage to the
blastocyst stage in mice but conversely, ITIH1 increases in human embryos beyond
the 4-cell stage (Figures 3.2.7.2 and 3.2.7.3). Whilst Itih4 expression peaks at the 2-
cell stage and Itih2 and Itih3 expression levels appear analogous between
developmental stages in mouse embryos (Figure 3.2.7.3) ITIH2, ITIH3 and ITIH4 all
gradually decrease beyond the 2-cell stage in human pre-implantation embryos
(Figure 3.2.7.2). These findings indicate decreasing trypsin inhibition at later stages
of human pre-implantation embryo development, strengthening a role for trypsin as a

vital embryonic signal at implantation.

Microarray analysis of these classical trypsin pathway genes in pre-implantation
embryos highlights a human-specific mechanism of trypsin activity at the blastocyst
stage, whereby increased expression of the trypsinogen activator, TMPRSS15, is

coupled with decreased expression of the trypsin inhibitors, AMBP and ITIH2-4.

Immunocytochemistry was used to confirm the presence of the TMPRSS15 and
AMBP proteins at four different pre-implantation embryonic stages in both human and
mouse embryos (Figures 3.2.7.4 and 3.2.7.5). The presence of TMPRSS15 and
absence of AMBP in the inner cell mass of the human blastocyst, suggest a net
increase in trypsin activity at this stage (Figures 3.2.7.4 and 3.2.7.5). The staining for
both proteins is less distinct in the mouse blastocyst, in line with lack of conserved

TMPRSS15/AMBP regulation between species.

These findings demonstrate an intricate, and previously unidentified, regulation of
trypsin production and activity by pre-implantation embryos. Importantly, the gene
expression patterning responsible for regulating tryptic activity appears to vary notably

between human and mouse embryos.
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In summary, advancing stages of human pre-implantation embryos appear to display
enhanced trypsin regulation through increased conversion of trypsinogen and
reduced trypsin inhibition. This evidence presents an alternative method of trypsin
biosynthesis in human embryos, which may have compensated for the loss of
implantation-specific trypsin proteases, such as Prss28, in the mouse (O'Sullivan et

al., 2001).
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Figure 3.2.7.1 The Trypsin regulatory pathway. TMPRSS15 encodes the enzyme
Enterokinase which has been deemed the master regulator of trypsin activity.
Enterokinase is required to convert the inactive trypsin precursor (trypsinogen) into its
active state. Trypsin is then able to auto-activate trypsinogen causing a cascade of
trypsin release (Kunitz, 1939). AMBP encodes a complex plasma glycoprotein which,
upon proteolytic processing, produces bikunin, which is a urinary trypsin inhibitor.
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Figure 3.2.7.2 In vivo expression of trypsin regulatory genes during human pre-implantation embryo development. Analysis of microarray
data from the Gene Expression Omnibus [accession numbers GSD3959 (Edgar et al., 2002)] shows the up-regulation of TMPRSS15 and down-
regulation of AMBP, ITH2, ITH3 and ITH4 with human pre-implantation embryo development. Transcripts were measured at the 1 cell, 2 cell, 4
cell, 8 cell, morula and blastocyst stages of embryonic development from 18 samples using Affymetrix Human Genome U133 Array. Data are
presented as means + S.D and One-way ANOVA statistical analysis was applied. *P <0.05; **P <0.01; ***P <0.001.
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Figure 3.2.7.3 In vivo expression of trypsin regulatory genes during mouse pre-implantation embryo development. Analysis of microarray
data from the Gene Expression Omnibus [accession number GDS813 (Edgar et al., 2002)] shows the up-regulation of Prss28 with pre-
implantation embryo development but a lack of regulation of Tmprss15 and Ambp, Itih2 and Itih3. Murine transcripts were measured at the oocyte,
1 cell, 2 cell, 8 cell and blastocyst stages of embryonic development from 20 samples using Affymetrix Human Genome U133 Array. Data are
presented as means + S.D and One-way ANOVA statistical analysis was applied. *P <0.05; **P <0.01; ***P <0.001.
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Figure 3.2.7.4 TMPRSS15 expression in human and murine pre-implantation
embryos. Immunoflourescent labelling of human and murine embryos at different
pre-implantation developmental stages (1 cell, 2-4 cell, 4-6 cell, blastocyst).
Embryos were fixed in 4% w/v PFA/PBS at 2-8 °C. Polyclonal antibodies against
TMPRSS15 were purchased from Novus Biologicals, NBP1-55616. 1% w/v BSA in
PBS without primary antibody was used for the negative control. Embryos were
mounted onto 35mm glass-bottomed petri dishes in 10ul Vectashield® with DAPI.
Visualization was achieved using a Zeiss LSM 510 confocal imaging system.
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Figure 3.2.7.5 AMBP expression in human and murine pre-implantation
embryos. Immunoflourescent labelling of human and murine embryos at different
pre-implantation developmental stages (1 cell, 2-4 cell, 4-6 cell, blastocyst).
Embryos were fixed in 4% w/v PFA/PBS at 2-8 °C. Monoclonal antibodies against
AMBP were purchased from Novus Biologicals, HO0000259-M01. 1% w/v BSA in
PBS without primary antibody was used for the negative control. Embryos were
mounted onto 35mm glass-bottomed petri dishes in 10ul Vectashield® with DAPI.
Visualization was achieved using a Zeiss LSM 510 confocal imaging system.
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3.2.8 Evolutionarily conserved proteases

Human embryonic signals were previously shown to regulate maternal gene
expression in a manner conserved between human DESCs and whole mouse uterus
(Brosens et al., 2014). In addition, ECM from DCE has been shown to induce the
expression of numerous implantation genes when flushed through the mouse uterus.
According to this concept, the origin of the embryo-secreted protease activity, which
imparts embryo developmental potential to the endometrium, may be partly

conserved between humans and mice (Brosens et al., 2014).

Gene Expression Omnibus (GEO) data mining was used to identify any protease
encoding trancripts that displayed conserved up-regulation from the oocyte/1 cell
stage to the blastocyst stage in both human and mouse pre-implantation embryos.
In total 581 human and 588 mouse protease genes were identified (Puente et al.,
2003), for which 505 and 434 had available microarray data, respectively. In each
case, differences between the pre-implantation developmental stages were first
identified using one-way ANOVA statistical analysis via SPSS software. The
Games-Howell post-hoc test was applied on genes differentially expressed between
2 or more developmental stages (P <0.05, one-way ANOVA). As | aimed to identify
specifically blastocyst regulated genes, | also calculated the fold change in transcript
level from each developmental stage compared to that of the blastocyst stage. The

results are listed in Appendix 2.

The most highly regulated serine protease genes in human and mouse embryos
between the 8 cell stage and blastocyst stage were Tmprss2 and Prss8 (Figure
3.2.8.1). TMPRSS2 and PRSSS8 transcripts were also significantly up-regulated at

the blastocyst stage in human embryos (Figure 3.2.8.2).

Immunocytochemistry was used to confirm the presence of the PRSS8 and

110



TMPRSS2 proteins throughout pre-implantation development in both human and
mouse embryos (Figures 3.2.8.3 and 3.2.8.4). Staining is strongest at the blastocyst
stage and patrticularly high in the TE compartment, compared to the ICM (Figures

3.2.8.3and 3.2.8.4).
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Figure 3.2.8.1 Microarray analysis of genes significantly up-regulated at the
blastocyst stage in humans and mice. Out of 194 and 228 serine protease genes,
respectively, just 2 were conserved, PRSS8 and TMPRSS2. In silico analysis was
performed on publicly available datasets from the Gene Expression Omnibus (Edgar
et al., 2002), accession number GSD3959 (homo sapiens) and GDS813 (mus
musculus). SPSS Software (IBM) was used for statistical analysis. One-way ANOVA
was used for statistical analysis followed by the Games Howell post hoc test (P
<0.05).
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Figure 3.2.8.2 PRSS8 and TMPRSS2 transcript levels in human and mouse pre-
implantation embryo development. Analysis of microarray data from the Gene
Expression Omnibus [accession numbers GSD3959, GDS813 (Edgar et al., 2002)].
a) Murine transcripts measured at the oocyte, 1 cell, 2 cell, 8 cell and blastocyst
stages of embryonic development from 20 samples using Affymetrix Human Genome
U133 Array. n =20, P <0.0001 [Tmprss2]) n =20, P <0.0001 [Prss8]. b) Human
transcripts measured at the 1 cell, 2 cell, 4 cell, 8 cell, morula and blastocyst stages
of embryonic development from 18 samples using Affymetrix Human Genome U133
Array. n =18, P <0.0001 [TMPRSS2], n =18, P <0.0001 [PRSS8]. Data are
presented as means + S.E.M and One-way ANOVA followed by Games Howell post

hoc analysis was applied.
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Figure 3.2.8.3 PRSS8 expression in human and mouse pre-implantation
embryos. Immunoflourescent labelling of human and murine embryos at different
stages of pre-implantation embyo development. Embryos were fixed in 4% wiv
PFA/PBS at 2-8 °C. Polyclonal antibodies against PRSS8 were purchased from
Antibodies Online, ABIN761891. 1% w/v BSA in PBS without primary antibody was
used for the negative control. Embryos were mounted onto 35mm glass-bottomed
petri dishes in 10ul Vectashield® with DAPI. Visualization was achieved using a

Zeiss LSM 510 confocal imaging system.
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Figure 3.2.8.4 TMPRSS2 expression in human and mouse pre-implantation
embryos. Immunoflourescent labelling of human and murine embryos at different
stages of pre-implantation embyo development. Embryos were fixed in 4% wiv
PFA/PBS at 2-8 °C. Polyclonal antibodies against TMPRSS2 were purchased from
Antibodies Online, ABIN716876. 1% w/v BSA in PBS without primary antibody was
used for the negative control. Embryos were mounted onto 35mm glass-bottomed
petri dishes in 10ul Vectashield® with DAPI. Visualization was achieved using a

Zeiss LSM 510 confocal imaging system
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3.2.9 Embryo-derived proteases and implantation

A key aim of my study was to characterise the nature of embryo-derived soluble
factors that enable maternal recognition and selection at implantation. Defining such
signal(s) may improve the selection of IVF embryos, enhance pregnancy rates after
transfer, provide new insights into the mechanisms responsible for implantation failure
and early pregnancy loss, and — potentially — lead to new strategies to enhance or

prevent implantation.

To evaluate whether the proteases identified over the course of this chapter may
serve as indicators of embryo implantation potential, levels of trypsin activity, PRSS8
and TMPRSS2 were measured in ECM from individual day 5 single embryo transfer
(SET) embryos. The criteria for SET in our unit are; maternal age < 37 years, at least
one good quality blastocyst (ICM and TE grade BB or above), and no previous failed
IVF cycles. Therefore selecting ECM from SETs controlled for patient age, embryo
quality, embryo developmental stage and prognosis, meaning that the protease

levels detected in ECM could be directly related to pregnancy outcome.

Trypsin activity was measured using the trypsin assay as described previously
(Chapter 3.2.2). PRSS8 and TMPRSS2 levels were quantified using custom
designed enzyme-linked immunosorbent assays (ELISAs), in a 96-well format. All
assays were carefully optimised using ECM in order to establish optimal experimental

conditions and dilution factors.

Due to the limited volume of individual ECM drops (20pl), loss resulting from embryo
carry-over and the use of a paraffin oil overlay, 15ul was deemed the maximum

usable volume of ECM. As ECM drops were applied to the assays in duplicate, for
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accuracy, the final dilution of ECM was 1:13.3 and UCM (also diluted 1:13.3) was
included as a control. In each case, values were normalised to the UCM and values
falling below the UCM or outside the standard curve were excluded from the analysis.
In total 328 ECM drops were applied across the three assays, 71 of which met the

selection criteria (day 5 SET).

Interestingly, trypsin activity was found to be significantly higher in ECM from embryos
that failed to implant following SET when compared to successfully implanted
embryos (median: 49.5 % change from control (NP), 20.6 % change from control (P);
range: 11.5 to 76.7 % change from control (NP), 2.1 to 39.8 % change from control
(P)) (Figure 3.2.9.1). Total TMPRSS2 levels were similarly increased in ECM from
embryos that failed to implant (median: 57.2 % change from control (NP), 0.0 %
change from control (P); range: 0.0 to 154.6 % change from control (NP), 0.0 to 11.5
% change from control (P)) (Figure 3.2.9.1). Conversely, total PRSS8 levels were
shown to be significantly higher in ECM from embryos that successfully implanted
following SET (median: 0.0 % change from control (NP), 67.8 % change from control
(P); range: 0.0 to 211.9 % change from control (NP), 0.0 to 338.7 % change from

control (P)) (Figure 3.2.9.1).

These intriguing results suggest that protease levels in embryo culture supernatants
may provide an indication of implantation potential prior to transfer. Further
understanding and refinement of such analysis could potentially provide a novel
supplementary means of embryo grading and selection for IVF treatment, in addition

to morphology.

117



100, 200, 400,

*¥¥ *¥*

o
b

150; Z 3004

)
S
o

1004 2001 S

H
o
-
.

0
o
-
o

100 ——

Trypsin
(% change from control)
TMPRSS2
(% change from control)
PRSS8
(% change from control)

N
Q
MU

NP P NP P NP P

Figure 3.2.9.1 Proteases in ECM related to implantation outcome. Trypsin activity and total abundance of TMPRSS2 and PRSS8 were
measured in day 5 ECM from SETs. Outcome was determined by hCG test result following embryo transfer (P = pregnant, NP = not pregnant).
Trypsin: n =20, P =0.0015. TMPRSS2: n =19, P =0.0007. PRSS8: n =32, P =0.0071 [PRSS8]. Data are presented as mean values and the

median of each group is shown. The Mann Whitney test was used for statistical comparison. *P <0.05; **P <0.01; ***P <0.001.
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3.3 Discussion

Embryo derived trypsin-like proteases have been implicated as crucial at
implantation in mice (Ruan et al., 2012). By performing a literature search | show
that a wealth of evidence supports a role for trypsin and trypsin-like proteases at

implantation in various species, but not humans.

By measuring protease, specifically trypsin, levels in embryo culture droplets from
IVF patients, | demonstrate that trypsin activity is produced by human embryos and
enhanced at the implantation stage of embryo development. Trypsin activity was
detectable even in ECM from individually cultured human embryos and found to be
related to the day and stage of embryo development. This novel finding establishes
embryo-derived trypsin-like activity as a conserved feature of implantation and

implicates trypsin-like activity as a marker of embryo implantation potential.

It was suspected that embryo-derived trypsin activity may regulate Ca®* signalling
and gene expression in a similar mechanism to that identified in mice (Ruan et al.,
2012). We show that human ECM and trypsin induce [Ca*]; oscillations in Ishikawa

*, oscillations

cells via a mutual signal transduction pathway. Crucially the [Ca
observed in Ishikawa cells were highly divergent between embryo signals from
successfully implanted embryos and poor quality embryos. This data shows that
embryo signals convey embryo developmental potential to the endometrium and
induce long-lasting cellular changes that actively determine implantation outcome.
The abolition of [Ca®']; oscillations by pre-treatment of cells with soybean trypsin
inhibitor prior to embryo conditioned medium validates a role for trypsin as crucial to

this embryo-endometrial crosstalk. Importantly, trypsin and ECM were able to induce

similar responses in DESCs. In addition, consistent with the hypothesis proposed by
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Ruan et al., this data demonstrates that trypsin modulates PTGS2 transcript

expression and COX-2 protein levels in Ishikawa and HEECSs.

In order to identify a species-specific mechanism of trypsin production in human
embryos, | analysed microarray data of key genes involved in trypsin regulation
throughout pre-implantation embryo development.  An up-regulation of the
trypsinogen activator, TMPRSS15, and a down-regulation of a urinary trypsin
inhibitor gene, AMBP, were observed and confirmed using immunocytochemistry of
embryos at different pre-implantation stages. These findings show a human specific
mechanism of trypsin regulation during pre-implantation embryo development which

may explain the increased trypsin activity detected at the blastocyst stage.

Evidence from a previous study suggested that the embryonic signal at implantation
may be partly conserved between humans and mice (Brosens et al.,, 2014). This
data identifies two conserved trypsin-like serine proteases, TMPRSS2 and PRSS8,
which are specifically up-regulated at the blastocyst stage during both human and

mouse pre-implantation embryo development.

A main aim of this research was to identify key embryo secreted factors which may
provide a non-invasive marker of implantation potential. This data confirms that
trypsin, PRSS8 and TMPRSS2 levels in ECM, from individually transferred embryos
on day 5, differ according to pregnancy outcome. Interestingly trypsin and
TMPRSS2 levels were noticeably higher in embryos that failed to implant, whilst

PRSS8 levels were higher in successfully implanted embryos.

Taken together, this novel data demonstrates that embryo-derived trypsin-like
proteases are produced by human embryos and can regulate human implantation.

This enhances our understanding of human implantation and presents candidate
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proteases for a novel, non-invasive method of embryo selection that, with further

advancement, may enhance pregnancy rates following IVF.
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Chapter 4

Endometrial Recognition
of Embryo-derived Proteases
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4.1 Introduction

In the previous chapter, human embryos were shown to produce specific proteases
at the blastocyst stage that can induce Ca®* signalling and regulate the expression of
key implantation genes and proteins in endometrial cells. These embryo-derived
proteases may play a central role in maternal biosensoring, as the levels detectable

in ECM were found to reflect implantation outcome upon single embryo transfer.

In this chapter, | describe the characterisation of endometrial receptors that may be

responsive to embryo-derived proteases.

| demonstrate that several protease-sensitive receptors are present in the
endometrium, more highly expressed in stromal cells, and that expression peaks
during the window of implantation. Furthermore, | show that proteases in ECM
rapidly cleave TLR4 expressed on decidualizing cells, which abolishes the induction
of pro-inflammatory genes, such as IL-8, upon activation of the receptor. My data
reveal that human embryos imbue maternal tolerance upon implantation by
dampening innate immune responses in the decidua. Additionally, preliminary data
show that suboptimal cleavage of TLR4 by ECM of individually cultured embryos is
associated with subsequent implantation failure. Conversely, | also demonstrate that
suboptimal expression of TLR4 in the endometrium, which arguably impairs active
disposal of developmentally compromised embryos, is associated with recurrent

miscarriage.
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4.2 Results

4.2.1 Putative receptors responsive to embryo-derived TMPRSS2 and
PRSS8

A systematic literature search of putative targets of TMPRSS2 and PRSS8 led me to
focus on the following receptors and target proteins: ENaC, TLR4 and PAR2. These
transmembrane receptors all possess extracellular domains which, upon proteolytic

activation by extracellular proteins, regulate cell signalling.

ENaC facilitates the bulk movement of Na?* across the epithelium, maintaining
electrolyte and water homeostasis (Garty and Palmer, 1997). The channels contain
three of the four structurally related subunits, o, p and y or 8,  and y, though the
latter is less well-studied (Kleyman et al., 2009). Proteolytic cleavage sites within the
extracellular finger domains of the o and y subunits can be activated by various
proteases to regulate ENaC function (Kleyman et al., 2009). Several studies have
shown that ENaC can be activated by trypsin (Chraibi et al., 1998, Caldwell et al.,
2004, Kleyman et al., 2009). PRSS8 cleaves the y subunit at a defined site and is
capable of activating ENaC in mice and Xenopus oocytes (Bruns et al., 2007, Vallet
et al.,, 1997). A study of human airway epithelium described opposing roles for
PRSS8 and TMPRSS2 in ENaC regulation, increasing and decreasing ENaC

currents, respectively (Donaldson et al., 2002).

The protease-activated receptor (PAR) family contains four G-protein-coupled
receptors (GPCRs); PAR1, PAR2, PAR3 and PAR4. PARs are uniguely activated by
serine proteases, with trypsin primarily activating PAR2 and to a lesser extent PARA4.
Proteolytic activation of PARs occurs at the extracellular amino terminus (N
terminus), where cleavage exposes tethered peptide ligands, which facilitate self-
activation (Déry et al., 1998). PAR2 has been identified in the stromal and epithelial

compartments of the endometrium and has been implicated in tissue remodeling,
124



inflammation and repair (Hirota et al., 2005). Activation of PAR2 by trypsin or
TMPRSS2 induces elevated [Ca*]i, due to Ca** release from intracellular stores,
making it a candidate endometrial receptor for embryo-derived protease activation

(Nystedt et al., 1995, Wilson et al., 2005).

The family of toll-like receptors (TLRs) are highly conserved, pathogen-recognition
receptors involved in activation of innate immunity (Liu et al., 2014, Lu et al., 2008).
TLRs were first identified in Drosophila, where drosophila Toll receptor (the
homologue of mammalian TLR4) was found to be essential for dorso-ventral pattern
establishment in developing embryos. TLRs are present in HESCs and HEECs and
have been shown to be regulated during the menstrual cycle (Hirata et al., 2007).
The best studied TLR interaction is the activation of TLR4 by its endogenous ligand
lipopolysaccharide (LPS), found on the outer cell wall of Gram-negative bacteria.
TLR4-LPS binding occurs via accessory molecules, cluster of differentiation 14
(CD14) and myeloid differentiation factor 2 (MD-2), to mediate the production of pro-
and anti- inflammatory cytokines, as demonstrated in uterine epithelial cells of
oestrous mice (Robertson et al., 2011). Trypsin, TMPRSS2 and PRSS8 have been
shown to regulate TLR4 activity. Isoforms of the TMPRSS2-ERG fusion gene
differentially up-regulate Nuclear Factor Kappa-B (NF-kB) associated genes,
including TLR4 (Wang et al., 2011). Trypsin downregulates TLR4 activity via
degradation of the TLR4 accessory molecules CD14 and MD-2 in murine peritoneal
macrophages (Komatsu et al., 2012). By contrast PRSS8, the only embryo-derived
protease found to be increased in ECM from successfully implanting embryos, can

directly cleave and de-activate TLR4 in the liver (Uchimura et al., 2014).
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4.2.2 Endometrial expression of ENaC, PAR2 and TLR4

GEO data mining was used to analyse the expression of transcripts encoding these
key protease-regulated receptors during different phases of the menstrual cycle
(Figure 4.2.2.1). Well-characterised samples were collected by pipelle or curetting of
the endometrium from normo-ovulatory women with regular cycles. Phases were
assigned to the samples according to the criteria of (Noyes et al., 1950) via

independent analysis by up to four pathologists (Talbi et al., 2006).

A three-fold increase in SCNN1A expression (encoding the ENaC o subunit) is
observed during the early- and mid- secretory phases compared to the proliferative
and late secretory phases (Figure 4.2.2.1). However, this pattern is not analogous to
the corresponding ENaC y subunit, SCNN1G (Figure 4.2.2.1). F2RL1, which
encodes PAR2, is significantly up-regulated throughout the luteal phase of the cycle
(Figure 4.2.2.1). Yet, of all 42,203 genes measured, TLR4 was among the most
highly up-regulated upon transition from the early- to the mid- secretory phase

(Figure 4.2.2.1) (Talbi et al., 2006).

Immunofluorescence and Western blot analyses were used to compare the
expression of the aforementioned candidate receptors in purified HESCs and
HEECs. Cytokeratin 18 and vimentin were used to demonstrate enrichment of
HEECs and HESCs, respectively. The expression levels of PAR2 were comparable
between HEECs and HESCs (Figure 4.2.2.2a,b). Using immunofluorescence, TLR4
expression was seemingly equivalent between the two cell types (Figure 4.2.2.2a),
yet Western blot analysis demonstrated higher levels of this receptor in primary
HESC cultures (Figure 4.2.2.2). Despite ENaC being designated an epithelial
channel, both methods show that the expression of o and y ENaC subunits is
constitutively higher in cultured HESCs when compared to purified HEECs (Figure

4.2.2.2a,b).
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Following confirmation that these protease-regulated receptors are expressed in the
stromal compartment, | measured their protein levels in HESCs undergoing
decidualization in vitro, for 2, 4 or 8 days. Interestingly, all three protease-sensitive
receptors demonstrated a biphasic expression pattern upon decidualization,
characterized by rising expression that peaks on day 4 of the differentiation process,

and declining levels at day 8 (Figure 4.2.2.3).

In summary, expression profiling, both in vivo and in vitro, points towards a potential
role for ENaC, PAR2 and TLR4 in deciphering embryo-derived proteases at the time
of implantation. Furthermore, the discovery that ENaC and TLR4 are more
abundantly expressed in HESCs when compared to HEECs, at least in culture,
suggests a role for these receptors in regulating implantation once the blastocyst has

breached the luminal epithelium.
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Figure 4.2.2.1 Expression of key protease-regulated receptor genes

during the menstrual cycle. GEO profile microarray of protease
activated receptors; SCNN1A (o ENAC), SCNN1G (y ENAC), TLR4 and
F2RL1 (PAR2) during the proliferative (P), early secretory (ES), mid-

secretory (MS) and late secretory (LS) phases of the menstrual cycle,

using Affymetrix Human Genome U113 array. Data are presented as

means + S.E.M of 22 samples. One-way ANOVA statistical analysis was

applied, followed by Games-Howell post-hoc test. *P < 0.05.
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Figure 4.2.2.2 Candidate protease-regulated receptor expression in
HESCs and HEECs purified from mid-luteal endometrial biopsies. a)
Immunoflourescent labelling of purified HESC and HEEC cultures.
Images are representative of 3 samples. b) Western blot analysis of
purified HESC and HEEC lysates. [-actin was used as a loading control.
Blot is representative of 3 replicates. Purity of the epithelial and stromal
cells was assessed by cytokeratin (CYK18) and vimentin expression,
respectively. Dr Flavio Barros assisted with the isolation and culturing of

HEECSs.
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In vitro expression of key protease-regulated

receptors during the decidualization of HESCs. Western blot analysis

of total cell lysates of undifferentiated or decidualized HESCs (2-8 days).
Protein was harvested after 0 (D0), 2 (D2), 4 (D4) or 8 (D8) days of

cAMP/MPA treatment. f-actin was used as a loading control. Western

blots are included in Appendix 8.
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4.2.3 Embryo-derived proteases cleave and inactivate TLR4 in
decidualizing stromal cells

Putative protease-responsive receptors are most highly expressed on day 4 of
decidualization. To test if these receptors are cleaved by embryo-derived signals,
decidualized cultures were exposed to either ECM or UCM, both diluted 1:100. The
dilution factor was pragmatic as it enabled assessment of endometrial cell responses
to ECM of individually cultured embryos. After 15 minutes, the cells were harvested
and total protein lysates subjected to Western blot analysis. Unexpectedly, | found no
evidence of either PAR2, a ENaC or y ENaC cleavage. Lack of cleavage could
reflect insufficient protease activity in diluted ECM samples or, alternatively, the
secretion of specific protease inhibitors by decidualizing cells. By contrast, there was
a conspicuous loss of TLR4 in decidual cells exposed to ECM (Figure 4.2.3.1a). The
kinetics of this response, within 15 minutes, can only be accounted for by the sudden
loss of the epitope, located in the extracellular domain of the receptor (amino acids

542 - 631) (Panter and Jerala, 2011).

In a preliminary experiment, ECM from 8 individually cultured and transferred
embryos was separated according to implantation outcome, diluted 1:100 and applied
to day 4 DESCs for 15 minutes. Embryo-derived proteases from successfully
implanted embryos had a greater inhibitory effect on TLR4 than those from embryos
which failed to implant (Figure 4.2.3.1b). This is a striking finding, which firmly
implicates PRSS8 in TLR4 cleavage of decidual cells. However, these observations

require further validation in a larger study.

To validate TLR4 cleavage in response to ECM, parallel cultures were fixed in 4%

Para-formaldehyde, but not permeabilized with Triton X-100. Confocal microscopy
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showed abundant TLR4 expression on the surface of decidualized HESCs exposed
to UCM. However, pre-treatment of the cells with ECM for 15 min resulted in a

marked decrease in TLR4 immunofluorescence (Figure 4.2.3.2a).

TLR4 is a toll-like receptor responsible for activating the innate immune system,
commonly characterised by its ability to bind LPS. Yet, alternative ligands of TLR4
include numerous viral proteins, polysaccharide and several endogenous proteins
such as low-density lipoprotein, beta-defensins, and heat shock proteins (Brubaker et
al., 2015). TLR4 associates with MD-2 to form a heterodimer that identifies a common
'pattern’ amongst structurally diverse LPS molecules (Shimazu et al., 1999). Mining
of existing microarray data (Takano et al., 2007) revealed that MD-2 transcripts,
coded by lymphocyte antigen 96 (LY96), are abundantly present in undifferentiated
and decidualizing HESCs, indicating that these cells should be responsive to LPS in a
TLR4-dependent manner. To test this hypothesis, primary HESCs decidualized for 4
days were treated with LPS (0.5 ug/ml). Since IL-8 is a major cytokine induced by
TLR4 in HESCs (Hirata et al., 2005), the induction of IL-8 transcripts was measured
by gRT-PCR 30, 60 and 120 minutes following LPS exposure. As shown in Figure
4.2.3.3a, IL-8 transcript levels increased by approximately 10-fold, 120 minutes
following exposure of decidualizing cells to LPS. To test if this induction is mediated
by TLR4, decidualizing cells were pre-treated with a TLR4-specific inhibitor peptide,
VIPER. VIPER completely repressed the induction of IL-8 in response to LPS
treatment (Figure 4.2.3.3c). In fact, VIPER reduced IL-8 transcript levels below those
observed in vehicle-treated control cells, suggesting that TLR4 may be endogenously
activated in decidualizing cells. More importantly, pre-treatment with ECM but not
UCM also blocked LPS-dependent induction of IL-8 in decidualizing cells (Figure

4.2.3D).
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Figure 4.2.3.1 Embryo conditioned medium (ECM) applied to day 4 DESCs
inhibits TLR4 expression. a) Confluent day 4 DESCs were exposed to UCM
(1:200) or ECM (1:100), for 15 minutes. Protein was extracted and o ENAC, y
ENAC, PAR2 and TLR4 levels measured via Western blot. p-actin was used as a
loading control. The complete blot is included in Appendix 9. b) Confluent day 4
DESCs were exposed to UCM (1:100) or ECM (1:100) from single embryo
transfers (P = Pregnant, NP = Not pregnant), for 15 minutes. Protein was
extracted and TLR4 levels measured via Western blot. B-actin was used as a
loading control. Blot is representative of 4 independent experiments using 4
samples. Densitometry was performed using Syngene GeneTools analysis
software and the results are shown as % change from UCM (n = 4, P = 0.0158).
Data are presented as mean + S.E.M and ANOVA was used for statistical

analysis.
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Figure 4.2.3.2 TLR4 expression in DESCs purified from mid-luteal endometrial biopsies. Immunoflourescent labelling of purified DESCs
(day 4), with no treatment, exposure to UCM (1:100) or exposure to ECM (1:100) from successfully implanted SET embryos (P) for 15 minutes.

Images are representative of 3 samples. Dr Seley Gharanei assisted with the treatment and imaging of the HESCs.
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Figure 4.2.3.3 IL-8 expression in day 4 DESCs upon exposure to LPS. a) Day
4 DESCs were treated with LPS (0.5 pg/ml) for 30, 60 and 120 minutes. b) Day 4
DESCs were treated with ECM from successfully implanted embryos (1:100) for 30
minutes, washed with PBS and then exposed to LPS (0.5 pg/ml) for 60 minutes (n
=3, P =0.05). c) Day 4 DESCs were treated with VIPER (TLR4-specific inhibitor
peptide; 500uM) for 30 minutes, washed with PBS and then exposed to LPS
(0.5pug/ml) for 60 minutes (n = 3, P = 0.03). In all experiments RNA was
harvested, cDNA synthesised and IL-8 transcript levels measured using qRT-PCR.
Transcript levels were normalised to L19. Data are presented as means + S.E.M,

representative of 3 replicates. The unpaired t-test was used for statistical analysis.
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4.2.4 TLR4 expression in mid-luteal phase endometrium

To validate the expression of TLR4 in human endometrium, fixed endometrial
sections from mid-luteal biopsies were analysed using immunohistochemistry (IHC).
As shown in Figure 4.2.4.1, TLR4 expression within the stromal compartment was
heterogeneous. While some stromal cells displayed little staining, others showed
intense TLR4 immunoreactivity. Stromal cells displaying prominent staining appeared
more abundant in areas of localised oedema (O). A whirling pattern of staining was
observed in stromal cells adjacent to the spiral arteries (SA). TLR4 staining was
predominantly cytoplasmic in stromal cells. Prominent TLR4 immunoreactivity was
also apparent in the apical border of luminal epithelial cells (LE). By contrast, the
glandular epithelium (GE) mostly exhibited weak staining. Luminal epithelial cells
likely constitute a minor subpopulation of isolated endometrial epithelial cells
propagated in culture; which in turn explains the differential expression of TLR4
expression between HEECs and HESCs. However, the finding that TLR4 is
expressed on luminal epithelial cells does suggest a role for this receptor in pre-

implantation endometrial responses.
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Figure 4.2.4.1 TLR4 in mid-luteal phase endometrial sections. Fixed
sections from endometrial biopsies, collected via pipelle, were rehydrated
and incubated with TLR4 antibody (1:5000). Novolink Polymer solution
(Leica) enabled visualisation of primary antibody staining (brown) and
haematoxylin was used to visualise nucleii (violet). Dr Katherine Fishwick
assisted with the preparation and imaging of the slides. Luminal epithelium
(LE), oedema (O), glandular epithelium (GE), spiral arteries (SA).
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4.2.5 Endometrial Expression of TLR4 in Reproductive Failure

If TLR4 is an important determinant of endometrial responses to embryonic cues,
deregulation of this TLR family member could contribute to reproductive failure. To
test this hypothesis, | examined the expression of TLR4 mRNA and protein in patients
suffering either recurrent implantation failure (RIF) or recurrent miscarriage. For the
purpose of this study, RIF was defined as implantation failure (i.e. negative pregnancy
test) in 3 or more consecutive IVF treatment cycles; and RM as 3 or more consecutive
miscarriages. Two RIF subjects and 3 RM patients suffered secondary infertility and
secondary miscarriages, respectively. Both clinical groups were matched in age and
body mass index (BMI). The median [range] day of biopsy was LH+9 [+7 - +12] and
LH+9 [+7 - +11] in the RIF and RM groups, respectively. The demographic details

are tabulated in Appendix 5.

Total RNA was extracted from whole tissue samples stored in RNA later solution,
from 14 RIF subjects and 14 RM patients. The RNA was reverse transcribed and
TLR4, F2RL1 (coding for PAR2) and SCNN1A (coding for a ENaC) transcript levels
determined by gRT-PCR. As shown in Figure 4.2.5.1, SCNN1A and TLR4 transcript
levels were significantly higher in the RM patients when compared to RIF subjects (P
= 0.0021 and P = 0.0395, respectively). By contrast, F2RL1 mRNA levels were
comparable between both groups (P > 0.05). Notably, there was a positive
correlation between TLR4 and F2RL1 transcript levels (Spearman's rank test, r =
0.39, P = 0.03), TLR4 and SCNN1A mRNA levels (r = 0.51, P = 0.004), and F2RL1
and SCNN1A mRNA levels (r = 0.53, P = 0.002) (Figure 4.2.5.2); suggesting
coordinated transcriptional regulation of these protease-sensitive receptors in

differentiating human endometrium.
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Additional analysis revealed no association between TLR4 transcript levels and uNK
cell density, age or BMI of the patients. Similarly, no correlation was found between
these demographic details and expression of either F2RL1 or SCNN1A transcripts

(Figure 4.2.5.3).

The expression and activity of TLR4 is tightly regulated by several post-translational
mechanisms, including ubiquitylation and proteosomal degradation (Liew et al., 2005).
Hence, TLR4 protein levels were determined in a second cohort of snap-frozen
biopsies by Western blot analysis. The median [range] day of biopsy was LH+9 [+5 -
+12] and LH+8 [+5 - +10] in the RIF and RM groups, respectively. The demographic
details of this cohort are tabulated in Appendix 6. Expression was normalized to -
actin levels and quantified by densitometry using Syngene GeneTools analysis
software. By contrast to the mRNA analysis, TLR4 protein levels were significantly
reduced in RM compared to RIF biopsies (P < 0.01; Figure 4.2.5.4). Interestingly,
TLR4 protein levels did correlate to BMI (r = 0.41, P = 0.04), and uNK cell density (r =

0.44, P = 0.02), but not to the age of the patient (r = 0.29, P = 0.12) (Figure 4.2.5.5).

| speculated that increased endometrial PRSS8 expression in RM subjects could
account for the discrepancy between TLR4 mRNA and protein levels. Although
PRSS8 transcript levels were indeed raised in RM subjects when compared to RIF
patients (P < 0.05), Western blot analysis showed no difference between the two
clinical groups (P > 0.05; Figure 4.2.5.6), indicating that endogenous cleavage is

unlikely to account for the lower TLR4 levels in RM patients.

Taken together, the data show that endometrial TLR4 expression differs between RIF
and RM patients. Additional IHC studies are needed to examine the tissue
distribution of TLR4 in these patient groups. Furthermore, it would be interesting to

test if endometrial TLR4 expression is predictive of subsequent pregnancy outcome in
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women suffering from persistent reproductive failure.
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Figure 4.2.5.1 TLR4, F2RL1 and SCNNI1A transcript expression levels in patients with RIF or RM. RNA was extracted from 28 mid-luteal

endometrial biopsies (RIF, n = 14; RM, n = 14) and transcript expression analysed via qRT-PCR. Selected patients were all aged between 25 and

37 years with a healthy BMI (demographic details are tabulated in Appendix 5). All values were normalised to L19. Data are presented as mean
values. TLR4, P =0.0395; F2RL1, P = 0.5112; SCNN1A, P = 0.0021. The Mann Whitney test was used for statistical analysis. *P<0.05; **P<0.01;
***P<0.001.
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Figure 4.2.5.2 Regression analysis of TLR4, F2RL1 and SCNN1A transcript levels in a cohort of reproductive failure patients. RNA was
extracted from 28 mid-luteal endometrial biopsies taken (RIF, n = 14; RM, n = 14) and transcript expression analysed via gqRT-PCR. All values

were normalised to L19. Patient demographic details are tabulated in Appendix 5. Dotted lines represent 95% confidence intervals. Spearman’s p

value and probability (P) shown. *P<0.05; **P<0.01; **P<0.001.
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Figure 4.2.5.3 Regression analysis of TLR4, F2RL1 and SCNNI1A transcript levels and demographic details in a cohort of reproductive
failure patients. Correlation between uNK cell density (%), age (years), BMI and (a) TLR4, (b) F2RL1, (c) SCNN1A transcript expression. RNA
was extracted from 28 mid-luteal endometrial biopsies (RIF, n = 14; RM, n = 14) and transcript expression analysed via qRT-PCR. All values were
normalised to L19. Patient demographic details are tabulated in Appendix 5. Dotted lines represent 95% confidence intervals. Spearman’s p
value and probability (P) shown. *P<0.05; **P<0.01; **P<0.001.
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Figure 4.2.5.4 TLR4 protein levels in patients with RIF or RM. Protein was
extracted from 30 endometrial biopsies (RIF, n = 15; RM, n = 15) and analysed via
Western blot. Patient demographic details are tabulated in Appendix 6. pB-actin
was used as a loading control. Western blots are included in Appendix 7.
Densitometry was performed using Syngene GeneTools analysis software and the
results are shown as % change from UCM. Data are presented as mean values.
The Mann Whitney test was used for statistical analysis. *P<0.05; **P<0.01;
***P<0.001.

144



1.59 P=0.123
p=0.286

0.0-

TLR4 (a.u.)

1.5

P=0.035* 1.59 p=0.019*
p=-0.408 p=0.440
15 20 25 30 35 0 10 20 30 40

Figure 4.2.5.5 Regression analysis of TLR4 protein levels and demographic details in a cohort of reproductive failure patients. Correlation

between uNK cell density (%), age (years), BMI and TLR4 protein expression. Protein was extracted from 30 endometrial biopsies (RIF, n = 15;

RM, n = 15) and analysed via Western blot.

Patient demographic details are tabulated in Appendix 6. pB-actin was used as a loading control.

Dotted lines represent 95% confidence intervals. Spearman’s p value and probability (P) shown. *P<0.05; **P<0.01; ***P<0.001.
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Figure 4.2.5.6 PRSS8 transcript and protein expression in patients with RIF or RM. RNA was extracted from 28 endometrial biopsies (RIF, n
= 14; RM, n = 14) and transcript expression analysed via qRT-PCR. Patient demographic details are tabulated in Appendix 5. All values were
normalised to L19. Protein was extracted from 30 endometrial biopsies (RIF, n = 15; RM, n = 15) and analysed via Western blot. Patient
demographic details are tabulated in Appendix 6. B-actin was used as a loading control. Western blots are included in Appendix 7. Densitometry
was performed using Syngene GeneTools analysis software and the results are shown as % change from UCM. Data are presented as mean

values. The Mann-Whitney test was used for statistical analysis. *P<0.05; **P<0.01; ***P<0.001.

146



4.3 Discussion

In chapter 3, we showed that embryo-derived trypsin-like proteases can regulate cell
signalling events in the human endometrium. Despite evidence for ENaC cleavage
inducing similar signalling in the mouse, | show that additional maternal receptors
may be responsible for interpreting the conserved embryo-derived signals in

humans.

By measuring transcript and protein levels in endometrial cells | demonstrate that
PAR2, TLR4 and ENaC (receptors regulated by trypsin, PRSS8 and TMPRSS?2) are
present in the endometrium and up-regulated at the time of implantation.
Furthermore, by showing increased receptor expression in HESCs compared to
HEECs via ICC and Western blot, | highlight a role for ENaC and TLR4 beyond initial
breaching of the epithelium by the embryo. The peak of protease-regulated receptor
expression on day 4 in DESCs and co-ordinated transcriptional regulation of TLR4,
SCNN1A and F2RL1 in endometrial biopsies indicates priming of the stromal
compartment ready for synchronised proteolytic processing by embryo-derived

signals.

In order to identify the specific interactions between embryo-derived proteases and
maternal receptors, day 4 DESCs were co-cultured with ECM. Although preliminary,
the data show that the presence of embryo-derived signals, specifically from
successfully implanting embryos, directly affects the structure of TLR4 and down-
regulates TLR4 activity. The result is a markedly diminished immune response to
LPS, which mimicked the addition of a TLR4-specific inhibitor and could be crucial in

permitting the implantation of a semi-allogenic embryo into the maternal decidua.

The homogenous localisation of TLR4 across the luminal epithelia, detected via IHC
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analysis of fixed endometrial sections, indicates a pre-implantation role of this
receptor in addition to a post-implantation function. This is consistent with previously
identified TLR4 protein expression in both the epithelial and stromal compartments of
the human endometrium (Hirata et al.,, 2005). Yet, in contrast to the TLR4
localisation observed in patients suffering from RM (Figure 4.2.4.1), IHC analysis of
biopsies from hysterectomy patients indicates weak TLR4 staining in the apical
epithelium and intense TLR4 staining in the endometrial glands (Fazeli et al., 2005).
This discrepancy in TLR4 localisation may be explained by inter-patient variability
and highlights the need for comprehensive IHC studies on phase-matched biopsies

from larger cohorts of patients, encompassing differing aetiologies.

To further test whether TLR4 is crucial at implantation, we assessed whether TLR4
becomes de-regulated in cases of reproductive failure. In agreement with evidence
that TLR4 is under strict post-translational control (Liew et al., 2005) but in contrast
to the transcript expression, TLR4 protein levels were decreased in RM, compared to
RIF, samples. Further, reduced TLR4 protein levels showed a correlation with
increased BMI and uNK cell density. It is important to highlight that these findings
are limited due to a lack of samples from fertile controls, which are difficult to obtain

in our clinical setting.

It is foreseeable that a reduced level of active TLR4 receptors in the endometrium of
RM patients is responsible for less stringent embryo selection at the time of
implantation. The resulting dampened immune response would predispose to
pregnancy loss by permitting the implantation of developmentally incompetent

embryos, which would require subsequent disposal at a later selection checkpoint.
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Discussion
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5.1 A changing implantation paradigm

ART is based on a ‘double binary’ view of the drivers of reproductive success; i.e.
implantation of a ‘normal’ but not an ‘abnormal’ embryo in a ‘receptive’ but not a
‘non-receptive’ endometrium results in a successful pregnancy. Should these four
variables occur randomly and combine by chance, the likelihood of successful
pregnancy per implantation event would be 25%. This predicted incidence is
remarkably similar to the average fecundity rate in humans. Further, the fact that
many IVF units, including ours, now achieve ~ 50% pregnancy rates in women under
the age of 35 years could be viewed as indirectly validating the ‘double binary’
paradigm. In other words, by constantly upgrading the methods and strategies for
selection 