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Abstract

Globally, 39% of the adult population is overweight or obese, with prevalence of obesity following an
upward trajectory over the recent decades. Up to 30% of women of reproductive age in Western
countries are obese before conception, and obese women experience higher rates of infertility and
pregnancy complications than lean women; however, the mechanisms underpinning obesity-related
infertility are poorly understood. Advanced Glycation Endproducts (AGEs) are a proinflammatory
modification of proteins exposed to sugars, formed through the Maillard reaction. Prior to my
candidature, my laboratory identified AGEs as elevated four-fold in the uterine fluid of obese, infertile
women, compared to lean. AGEs equimolar to the obese uterine fluid microenvironment negatively
impacted the functions of endometrial epithelial and stromal cells, and adhesion and invasion of
trophoblast cells. The work in this thesis further investigated obesity associated AGEs and their

functional impact on female fertility.

The earliest stages of embryo development are finely balanced, and altered local
environments can set offspring up for a lifetime of health or disease (DoHAD); thus, uterine AGEs may
contribute to the prevalence of non-communicable disease in children of obese parents. AGEs
representative of the obese uterine microenvironment impacted the formation and function of the
preimplantation embryo: hatching rates were reduced; trophectoderm comprised fewer cells; and
blastocyst outgrowth on fibronectin was reduced. Trials of therapeutic interventions revealed modest
benefit of RAGE antagonism on trophectoderm cell number, but no effect of metformin or
antioxidants. Thus, obesity-associated AGEs link obesity and reduced fertility through poor

placentation potential of embryos.

Therapeutic intervention was then trialled to normalise the implantation environment in
obese women and support establishment of healthy pregnancy. Antioxidants successfully normalised
the rate of proliferation of endometrial epithelial cell lines exposed to obese levels of AGEs.
Subsequently, human endometrial epithelial organoid culture was utilised as a more physiologically
relevant experimental paradigm. Obesity-associated AGEs altered the function of these epithelial
cells, particularly increasing the secretion of proinflammatory CXCL16. As the inflammatory milieu is
altered in idiopathic infertile women, AGEs may promote an infertile endometrial inflammatory

environment.

Further experimentation characterised protein biomarkers of endometrial receptivity,
potential molecular targets for AGEs induced endometrial non-receptivity. The human endometrial

|II

epithelial “receptome” and embryo-epithelial “adhesome” were previously determined by proteomic

interrogation of trophectoderm spheroids adherent to primary human endometrial epithelial cells, a



model which reflects the fertility of donors. Here, immunoreactive Positive Cofactor 4 (PC4), highly
upregulated in receptive endometrial epithelial cells versus non-receptive, was detected at
significantly higher levels in fertile early- and mid-secretory endometrium. Stem-Loop-Interacting RNA
binding Protein (SLIRP) was reduced in the epithelium following adhesion of trophectoderm spheroids,
and its reduction in endometrial epithelial cell lines relaxed tight junctions, required for the embryo

to traverse the epithelial barrier.

In conclusion, AGEs link obesity and reduced fertility, and are detrimental to preimplantation
embryo development and endometrial function when present at concentrations equal to those in the
obese uterine fluid. This research provides evidence supporting AGEs as a factor contributing to

obesity-related infertility, and as an emerging frontier for reproductive health.
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1.1 The clinical problem of obesity-related infertility

Infertility can be defined as the inability of a couple to conceive within twelve months of unprotected
intercourse and affects one in six couples worldwide, disproportionally obese women. With the
average age of first-time mothers increasing (Mills et al., 2011), and a general decline in fertility (Lutz,
2006), much research has been done to optimise ovulation procedures and to produce high quality,
viable embryos. Even with advances in assisted reproductive technologies (ART), many embryos still
fail to implant and the live birth success rate of ART has remained at approximately 25% (Centres for
Disease Control and Prevention et al., 2017). In each normal monthly cycle for a couple with no known
fertility issues, the success of conception is between 15% and 20%, with most couples able to conceive
within 2 years (Taylor, 2003). Chambers et al., (2009) reviewed the cost and success rate across
multiple countries and estimated the cost per live birth following ART in Australia to be approximately
$34,000 (in 2006). With the considerable financial, physical, and psychological implications of
repeated ART attempts, it is important to maximise the success rate of such technologies (Boivin and
Takefman, 1996; Domar et al., 1993; Rajkhowa et al., 2006), or possibly to improve the chance for
natural conception. Establishment of pregnancy requires an appropriately prepared endometrium
(the lining of the uterus) into which a hatched and appropriately developed embryo must implant
before the placenta is formed. The endometrium plays an essential role in establishing pregnancy, as
it must be receptive to an implanting embryo for adhesion and implantation to occur. Considerably
less research has focussed on the receptivity of the endometrium than on the embryo, an equal
partner in ART, and it is in this direction we turn to further understand adhesion and implantation of
embryos, and to find ways to improve the success rate of ART, particularly in light of rising levels of

obesity, which are detrimental to fertility.

1.2 The female reproductive tract

The female reproductive tract consists of the vagina, the uterus, Fallopian tubes, and ovaries. Within
the ovaries, oocytes mature and ovulate (usually one per cycle in women) in concert with the
menstrual cycle, and pass into the Fallopian tubes via the fimbriae. The vagina is the entry point for
sperm, which travel upwards through the mucus-secreting cervix into the uterus and then to the
Fallopian tubes where fertilisation of the ovulated oocyte occurs. The dynamic lining of the uterus,
the endometrium, undergoes cyclical remodelling throughout the menstrual cycle, and is the site of

embryo implantation following successful fertilisation.
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Figure 1.1: Anatomy of the female reproductive tract. The female reproductive tract consists of the
ovaries, Fallopian tubes, uterus, cervix, and vagina. The endometrium (purple) is the innermost layer
of the uterus and is the site of implantation. ©Lois Salamonsen, used with permission.

1.2.1 The ovaries

The ovaries contain the maturing oocytes, housed in individual follicles. Follicles mature at different
times and so at any given time the ovary consists of follicles at a variety of developmental stages
(Peters et al., 1975). Follicles mature in waves, with each cohort selected by a small rise in basal levels
of follicle stimulating hormone (FSH). They then progress from the primordial state (an oocyte
surrounded by a single layer of granulosa cells) through primary and secondary phases, marked by
granulosa cell proliferation and subsequent formation of a fluid-filled antrum (Emori and Sugiura,
2014; McGee and Hsueh, 2000). The dominant follicle, which will eventually release its oocyte,
secretes 17B-estradiol which suppresses further development of other follicles and causes atresia of
the rest of the developing cohort (Fortune, 1994; McGee and Hsueh, 2000). Ovulation from the
dominant follicle occurs in response to the surge of luteinising hormone (LH) at the end of the
proliferative phase of the menstrual cycle. The follicle from which the oocyte was expelled becomes
the corpus luteum, secreting progesterone and suppressing FSH. It regresses by a process known as
luteolysis in the absence of pregnancy, and the cycle begins again. If a pregnancy is established, then
an anti-luteolytic signal from the implanting embryo (human chorionic gonadotrophin in women)

maintains the corpus luteum until the placenta forms sufficiently to maintain the pregnancy.
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1.2.2 The uterus

The uterus is a major female reproductive organ, being the site of both implantation and gestation.
The development of the uterus starts from the embryonic progenitor tissue, the paramesonephric or
Mullerian ducts. For a review of uterine development, see Gray et al. (2001). These ducts develop into
the Fallopian tubes, the uterus, and part of the vagina. The uterus is a hollow organ, consisting of
three distinct tissue layers: the outer perimetrium or serosa, the muscular myometrium, and the
endometrium. The architecture relating to the uterus can be divided into 3 major components: the
uterine or Fallopian tubes, the body or corpus of the uterus, and the cervix which links the uterus to

the vagina (Figure 1.1).

1.2.2.1 The endometrium

The endometrium is the innermost layer of the uterus and is cyclically remodelled in preparation for
pregnancy in the menstrual cycle (Section 1.3). There are two major layers of the endometrium: the
basalis and the functionalis. Across the menstrual cycle, these cell types undergo extensive phenotypic
and transcriptomic alterations, identified by single cell RNA-sequencing (Giudice, 2020; Wang et al.,
2020). During menses the functionalis is completely shed, and regenerates largely from the basalis
layer in the next menstrual cycle, undergoing cyclical shedding, repair and regeneration. Cells of the
functionalis proliferate and secrete factors into the uterine cavity throughout the menstrual cycle. The
functionalis consists of the stroma, comprising fibroblastic cells which late in each cycle undergo a
differentiation process known as decidualisation, a variable range and number of immune cells along
with cells of the vascular system, and is protected and covered by an outer layer of luminal epithelial
cells which are the first point of contact for an approaching embryo. The endometrium and its cycle

have recently been comprehensively reviewed (Evans et al., 2016).

1.2.2.1.1 Stromal fibroblasts

Stromal cells (fibroblasts) of the endometrium form the bulk of the functionalis. Some of the stromal
cells undergo differentiation known as decidualisation, late in the menstrual cycle in women and
subsequently form the maternal component of the placenta. They are highly responsive to hormones
and in response to a reduction in progesterone, secrete inflammatory mediators into the endometrial
tissue (Evans and Salamonsen, 2014). Decidualisation in non-menstruating species can be induced as
a response to damage sustained by the endometrial lining or contact with an embryo. In contrast,
menstruating species exhibit spontaneous decidualisation as a response to ovarian progesterone
during the secretory phase of the cycle, and this is not dependent on an embryo (for a review of
menstrual evolution and significance, Jarrell (2018)). Implantation of the embryo requires it to
traverse initially between the endometrial epithelial cells and then through the developing decidua,

in which extensive remodelling of the maternal vasculature subsequently occurs.
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1.2.2.1.2 Endometrial Glands and Secretions
Uterine glands are formed by invagination of the luminal epithelium and proliferation through the

stroma. In humans this begins soon after birth and is completed by puberty (Gray et al., 2001). The
bottom two thirds of the uterine glands are located within the basalis (Padykula et al., 1989) and are
a key source of epithelial progenitor cells for re-epithelialisation of the endometrium after menses
(Kaitu’u-Lino et al., 2010; Nguyen et al., 2017). Gland knock-out mouse and sheep models have shown
that uterine glands are essential for blastocyst survival and implantation (Filant and Spencer, 2013;
Gray et al., 2002, 2000) and decidualisation of the surrounding stroma (Filant and Spencer, 2013) as

well as endometrial receptivity and regulation of the uterine fluid (Kelleher et al., 2016).

The glandular epithelium provides the bulk of the numerous soluble factors and extracellular
vesicles in the uterine cavity which are essential for embryo survival, implantation, and early
placentation (Gray et al., 2001; Greening et al., 2016b, 2016a). Mucin secretion is highlighted in Figure
1.2. The embryo completes its final stages of development within the gland-conditioned uterine fluid,
which provides a medium for cross-talk between the embryo and endometrium, to orchestrate
adhesion and implantation (Section 1.6). Thus, aberrations in this fluid microenvironment may alter

both embryo competency and endometrial receptivity.

Figure 1.2: Mucin secretion of the mid secretory endometrium. Periodic acid Schiff (pink) and alcian
blue (blue) staining identify secretion of acidic and neutral mucins into the lumen of the endometrial
glands, which will contribute to the composition of the uterine fluid. Scale bar represents 50 um.
1.2.2.1.3 Epithelium

The luminal epithelium is formed from during reepithelialisation of the endometrium, outgrowing
from residual glands after menstruation (Kaitu’u-Lino et al., 2010; Ludwig and Spornitz, 1991). Luminal
epithelial cells provide an impermeable layer which covers the stroma and provides a barrier between

the stromal cells and the uterine cavity; from this layer, glands provide invaginations into the tissue.

5



Chapter 1: Introduction

Luminal epithelial cells undergo significant changes throughout the menstrual cycle, particularly
changing the composition of their glycocalyx and their polarity to enable penetration by
trophectodermal cells at implantation (Aplin and Ruane, 2017; Whitby et al., 2018). They also
contribute to the hormonally regulated secreted proteins and vesicles present in the fluid
microenvironment of the uterus (Greening et al., 2016b). Since the luminal epithelium faces the

uterine cavity, it is the first point of contact for an approaching embryo.

1.3 The menstrual cycle of the endometrium

The uterine environment undergoes significant physical changes in preparation for pregnancy, and is
“reset” during menstruation: the shedding of the functionalis layer of the endometrium at the end of
a menstrual cycle in which no pregnancy occurs. As reviewed by Emera et al., (2012), spontaneous
menstruation is known to occur only in humans, Old World Monkeys, the Elephant Shrew, four species
of bat, and has recently been shown to be present in the Spiny Mouse, Acomys cahirinus (Bellofiore
et al., 2017). Spontaneous menstruation is the result of irreversible decidualisation; other species
require the presence of an embryo to induce decidualisation, preparing the endometrium for

implantation only once successful fertilisation has occurred.

Endometrial remodelling is orchestrated by the ovarian steroid hormones, 17B-estradiol
(estrogen) which rises and falls with follicular development and ovulation (Section 1.2.1), and
progesterone released from the corpus luteum following ovulation (Figure 1.3). The physiology of the
endometrium throughout the menstrual cycle has been extensively studied and reviewed, classically
by Noyes (1950). More recently, single-cell transcriptomics have profiled the cells present within the
endometrium across the menstrual cycle and have provided significant detail on temporally regulated
gene expression (Giudice, 2020; Wang et al., 2020).

The menstrual cycle is of approximately 28 days duration and can be broken into three
discrete phases: menses, the proliferative phase, and the secretory phase. If no pregnancy occurs, the

endometrial functionalis is shed at menses and the cycle begins anew.
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Figure 1.3: Schematic representation of the menstrual cycle. Diagrammatic representation of
endometrial remodelling and relative hormone concentrations across the phases of the menstrual
cycle normalised to 28 days. Regression of the endometrial functionalis occurs in response to
withdrawal of progesterone in a non-conception cycle, the secretion of hCG from an approaching
blastocyst maintains the endometrium for implantation. Adapted with permission (Greening et al.,
2016b).

1.3.1 Menses

Menses is the process of the shedding of the functionalis at the end of a menstrual cycle in which no
embryo successfully implanted into the endometrium. As the corpus luteum begins to degrade, there
is a concurrent fall in progesterone levels (Chabbert-Buffet and Bouchard, 2002; Reed and Carr, 2015).

This reduced progesterone concentration starts a cascade of events resulting in the piece-meal

degradation of the endometrial functionalis (Reed and Carr, 2015).

Re-epithelialisation starts directly after the onset of menstruation, thus in the endometrium tissue
breakdown and repair occur simultaneously for the first six days of the cycle (Ludwig and Metzger,
1976; Ludwig and Spornitz, 1991). After the tissue surrounding an endometrial gland has been
degraded, the glandular cells proliferate and new luminal epithelial cells grow outwards from the
exposed surface of the gland to cover the surrounding tissue (Ludwig and Metzger, 1976; Ludwig and
Spornitz, 1991). The basal region of the glandular epithlelium is a source of epithelial progenitor cells

which reform the glands (Kaitu’u-Lino et al., 2010; Nguyen et al., 2017). Complete re-epithelialisation
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must occur before the proliferation of the epithelial and stromal cells can occur in the proliferative

phase (Ludwig and Spornitz, 1991).

1.3.2 The proliferative phase

The proliferative phase proceeds under the influence of estrogen, and is approximately 14 days long,
the end signalled by ovulation and the corresponding surge in luteinising hormone. Following re-
epithelialisation (throughout and following menses), the stromal and glandular cells proliferate
(Johannisson et al.,, 1987; Padykula et al., 1989) to regenerate an endometrial thickness of
approximately 6-9 mm required for successful embryo implantation (Hoad et al., 2005; Tomic et al.,
2020). During this time, the uterine glands are relatively straight (Figure 1.4), and spiral arterioles
begin formation by the elongation of existing vessels (Maas et al., 2001). The post-ovulation rise in

progesterone, signals the transition from the proliferative phase to the secretory.

Endometrium - Secretory
(Luteal) Phase

Figure 1.4: The proliferative and secretory phase human endometrium. Left: Proliferative phase
endometrium. Glands are few and relatively straight. Stroma maintain a fibroblastic morphology.
Right: Secretory phase endometrium. Glands are tortuous and many. Stroma become rounded as they
undergo decidualisation. ©Lois Salamonsen, used with permission.

1.3.3 The secretory phase

The secretory phase occurs after ovulation between days 14 and 28 of the menstrual cycle. Under the
influence of progesterone, the secretory phase prepares the endometrium for implantation and
encompasses the period of endometrial receptivity. Proliferation of the stromal cells is reduced in the
early secretory phase, and proliferation of the glandular epithelial cells reduces from just prior to the
LH surge to the mid-secretory phase (Johannisson et al., 1987; Padykula et al., 1989), with all of the
cell types undergoing differentiative changes. Coiling of the endometrial glands occurs (Figure 1.4)
and may be associated with the slight compaction of the endometrium soon after ovulation, as the
endometrium thins out by approximately 1 mm (Hoad et al., 2005). Although the glandular epithelial

cells are no longer proliferating, the diameter of the glands significantly increases throughout the
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secretory phase of the menstrual cycle (Johannisson et al., 1987). The epithelium becomes highly
secretory with upregulation of proteins involved in cell adhesion, metabolism, and transcriptional
regulation, and downregulation of several members of the integrin family (Greening et al., 2016b).
During the early secretory phase, the endometrium is also highly angiogenic as the spiral arterioles

elongate and coil (Maas et al., 2001).

1.4 Endometrial receptivity

Endometrial receptivity can be defined as the ability of the endometrium to accept an embryo of the
correct developmental stage for adhesion and implantation. During the menstrual cycle, the
endometrium becomes receptive to an approaching embryo only for a brief period in the mid-
secretory phase (between 6 and 10 days after ovulation). For successful implantation to occur, both
the endometrium and the blastocyst must be in synchrony and at an appropriate stage of
development and receptivity (Wilcox et al., 1999). This time period is also known as the “window of
implantation” (Evans et al., 2016; Lessey, 2011; Salamonsen et al., 2009). At this time in the mid-
secretory phase, the endometrium undergoes significant alterations in protein and gene expression
and regulation to achieve a state of receptivity (Evans et al., 2016; Greening et al., 2016b; Kukushkina
et al., 2017).

The gene expression profile of the “receptive” endometrium has been defined, and developed
into an assay known as the endometrial receptivity array (ERA) to investigate the window of
implantation in individual women (Diaz-Gimeno et al., 2011). A displaced or disrupted window of
implantation, identified by the ERA, identifies some causes of recurrent implantation failure
(Sebastian-Ledn et al., 2018), and a need to personalise the timing of blastocyst transfer (Ruiz-Alonso
et al.,, 2013). Current research is identifying the efficacy of clinical use of the ERA to improve
implantation success and live birth rates following IVF (Cozzolino et al., 2020; Simén et al., 2020). The
proteins involved in endometrial epithelial receptivity and embryo adhesion (Sections 1.4.3 and 1.6.3)

are the subject of Chapter 6 of this thesis.

1.4.1 The role of the luminal epithelium

Both the trophectoderm of an approaching embryo and the luminal epithelium, the first point of
contact for an approaching embryo, have a polarized phenotype. During the proliferative phase, the
luminal epithelium maintains high expression of polarity markers, which act to deter the implantation
of an embryo at an inappropriate stage of the menstrual cycle. During the secretory phase, the luminal
epithelium transiently becomes less polarised and thus more receptive to an approaching embryo
(Whitby et al., 2018). Significant structural alterations are observed in the receptive endometrium,
with alterations seen in the ciliation, cytoskeleton, and glycocalyx of the endometrial epithelium, as

part of the plasma membrane transformation (Murphy, 2004).
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1.4.2 What affects endometrial receptivity?

Endometrial receptivity is orchestrated by a fine balance of numerous factors, aberrations to which
may detrimentally affect endometrial receptivity. Assisted reproductive technologies (ART) use the
application of exogenous hormones, namely FSH agonists or antagonists, to stimulate the ovaries to
superovulate. Whilst increasing the oocytes available for ART, the hormones also elicit effects on other
tissues in the reproductive tract. Histological comparisons between the endometrium of a natural
cycle and a stimulated cycle show considerable alterations in the endometrial architecture and
markers of endometrial differentiation, with these differences being most pronounced in women who
then did not achieve pregnancy (Evans et al., 2012). This indicates that hormonal stimulation may
affect endometrial receptivity, which is decreased by up to 20% in a stimulated cycle (Evans et al.,

2012; Gardner et al., 2000b).

Lifestyle factors including body weight also influence endometrial receptivity, with obese
women tending to have an non-receptive endometrium as determined by an endometrial receptivity

assay (Lathi et al., 2014). The effects of obesity on reproduction are discussed in Section 1.7.

Itis critical that the approaching embryo and the endometrium are concurrently receptive for
implantation to occur. Recurrent implantation failure has been linked to altered endometrial
receptivity: it is possible for the window of implantation to be disrupted at the molecular level, be out
of synchrony with the menstrual cycle, or a combination of both, leading to a possible explanation for

recurrent implantation failure (Sebastian-Ledn et al., 2018).

1.4.3 The human endometrial epithelial receptome

During the window of receptivity, the luminal epithelium of the endometrium undergoes significant
alterations in terms of the proteins expressed and secreted (Evans et al., 2016; Whitby et al., 2018),
and gene expression and regulation (Kukushkina et al., 2017). Our group recently determined a cohort
of proteins altered in a model of endometrial epithelial receptivity (Evans et al., 2020b), by state-of-
the-art proteomic evaluation (Evans et al., 2020a). The proteins altered during the state of receptivity
are collectively known as the “receptome” and can provide insights into potential biomarkers for

receptivity, or targets for therapeutics or contraceptives.

Utilising a novel assay in which a spheroid of human trophectoderm cells approximating the size
and shape of a human embryo is placed onto a monolayer of endometrial epithelial cells, mimicking
the initial adhesive phase of embryo implantation (Evans et al., 2020b), Dr Evans demonstrated that
these trophectoderm spheroids appear to differentiate between endometrial epithelial cells derived
from infertile and fertile women: they do not adhere to cells isolated from endometrial tissue of

infertile women. Endometrial epithelial cells which allowed trophectoderm spheroid adhesion were
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designated ‘adhesive co-cultures’, with the corresponding cell monolayer designated ‘adhesive’
monolayer. Protein differences between adhesive monolayers and non-adhesive monolayers were
detected using proteomics to identify the human epithelial “receptome.” This work underpins the

data in Chapter 6 of this thesis.

1.5 Preimplantation embryo development

The development of a preimplantation embryo is a highly regulated and precisely timed cascade of
events (review: Niakan et al., 2012; Wale and Gardner, 2016). Upon fertilisation within the Fallopian
tube, the second polar body (resulting from meiosis as the oocyte completes metaphase ll) is
extruded. The two nuclei from the gametes are pulled together by microtubules and fuse to form the
embryonic genome. For the early mitotic divisions, cell processes are governed by maternal mRNA
and factors present within the oocyte. The embryonic genome becomes activated at the 4-8 cells stage
and embryonic genes are transcribed to progress development (reviews: Hogg and Western, 2015;
Tadros and Lipshitz, 2009).

Mitotic division continues until the embryo is a small ball of cells called a morula. At this point in
time, compaction begins to occur and the first cell fates are determined: the outer cells differentiate
to become a layer of epithelial cells termed the trophectoderm, and inner cells form a compact ball of
pluripotent cells termed the inner cell mass (ICM). The trophectoderm, in the absence of Hippo
signalling, expresses the marker Cdx2, whereas Hippo signalling drives the expression of Oct4 and
Nanog in the inner cell mass (review: Leung and Zernicka-Goetz, 2015). The embryo then undergoes
cavitation, as the fluid-filled blastocoel begins to form between the trophectoderm and the inner cell
mass (Figure 1.5 A, B). These cell types can be identified by staining methods to examine their
formation in experimental settings (Figure 1.5 C). Fluid accumulation is facilitated by aquaporins and
ion transport into the blastocoel which generates an osmotic gradient: sodium enters the
trophectodermal cells through ion exchangers and is extruded into the blastocoel by sodium-
potassium ATPases (Barcroft et al., 2003; Houghton et al., 2003; Manejwala et al., 1989). In addition,
fluid transport can be stimulated by maternal derived growth factors including EGF (Dardik and
Schultz, 1991). Expansion of the blastocyst occurs as fluid accumulates in the blastocoel, a process in
the human embryo which takes approximately 20 h (Huang et al., 2016). The mechanical stimulus of
expansion, increasing internal pressure of the blastocyst, provides positive feedback on the
differentiation of the trophectoderm and inner cell mass (Wang et al., 2018).

The inner cell mass will continue to differentiate to form the primitive endoderm and the epiblast
during the second cell fate specification. These cells contribute the fetal tissues and extra-embryonic

membranes during fetal development and gestation. The trophectodermal cells contribute the

11



Chapter 1: Introduction

embryonic components of the placenta, differentiating into a variety of trophoblastic cells as they
invade and remodel the maternal endometrium.

With the development of the blastocoel and differentiation of trophectoderm and inner cell mass,
the embryo is now considered a blastocyst, and at this stage it enters the uterine cavity where it
hatches from the surrounding glycoprotein zona pellucida, a process governed by embryonic and
maternal proteases coupled with increasing internal pressure (Leonavicius et al., 2018; Seshagiri et al.,
2009). The final stages of preimplantation development occur in the uterine cavity where the embryo
is exposed to a milieu of factors secreted by the endometrium into the fluid microenvironment.

The early preimplantation embryo metabolises pyruvate as its primary energy source; however,
following embryonic genome activation the blastocyst predominantly utilises glucose to meet
increasing energy demands (reviews: Gardner et al., 2002; Gardner and Harvey, 2015). The glycolytic
blastocyst releases lactic acid into the surrounding fluid, generating a highly localised
microenvironment characterized by a low pH: this acidic microenvironment is proposed to facilitate
maternal-fetal interactions (Gardner, 2015). Glucose metabolism is strongly correlated to quality,
healthy embryos: a high rate of glucose consumption is correlated to higher quality scores using the
Gardner grading system and developmental morphokinetics, and indicators of post-transfer success
such as the KIDscore (Ferrick et al., 2020).

It is clear that the preimplantation embryo is a complex entity which is highly attuned to the
surrounding environment. For example, independent of the factors present within the uterine fluid,
development in vitro is highly sensitive to fluctuations in temperature (Choi et al., 2015; Walters et
al., 2020) and oxygen concentration (Gardner, 2016; Wale and Gardner, 2010). Appropriate
development of this blastocyst is essential for the establishment of a healthy pregnancy and offspring,
as abnormalities in the early stages of development can establish susceptibility to a lifetime of disease
(Barker, 1995). The effect of an altered maternal environment, related to obesity, on critical aspects

of preimplantation embryo development and function is the focus of Chapter 3 of this thesis.
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Figure 1.5: The preimplantation blastocyst. A) The preimplantation blastocyst is a spherical structure
encased in a protective glycoprotein barrier, the zona pellucida, from which it must hatch before
implantation. The blastocyst comprises two distinct cell lineages, the inner cell mass and the
trophectoderm, and contains a fluid filled cavity known as the blastocoel. The trophectodermal cells
are involved in implantation and placentation of the embryo, and the inner cell mass consists of
pluripotent cells which give rise to the embryonic tissues. The blastocoel provides a medium for
communication between these cell types. The structures of the blastocyst can be seen under
brightfield microscopy (B) and the two cell types identified with a differential nuclear stain (C),
showing the trophectoderm in pink and the inner cell mass in blue. Figure A generated by David Young,
used with permission.

1.5.1 Developmental timeline

Fertilisation of the oocyte by a spermatozoon occurs in the upper region of the Fallopian tube. After
fertilisation, the resultant zygote travels through the Fallopian tube towards the uterus as it continues
to develop (Figure 1.6). The first cleavage and progression to a four-cell embryo occurs within the first
48 hours. As the cells continues to divide, the embryo forms a morula and reaches the uterine cavity
approximately 3 days after fertilisation. In the uterine cavity, compaction occurs and the embryo

develops into a blastocyst by approximately day 5, with hatching from the zona pellucida and
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implantation occurring between days 6 and 7. These last few stages of development occur in the
uterine cavity where the embryo is bathed in uterine fluid and is able to communicate with the

maternal endometrium.
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Figure 1.6: Timeline of human embryonic development. Schematic showing location and timing of
significant developmental events. From: Gardner, D. K. (2018). Human Embryo Development and
Assessment of Viability. In M.K. Skinner (Ed.), Encyclopaedia of Reproduction. Vol. 5, pp. 176-185.
Used with permission.

1.6 Maternal-fetal interaction: embryo-endometrium crosstalk
Final development of the blastocyst occurs within the uterine cavity where embryo-endometrial

interactions take place. These are mediated via the microenvironment of uterine fluid which contains
secretions from both embryo and endometrium and prepare both the trophectodermal and
endometrial epithelial surfaces for adhesion and implantation (Salamonsen et al., 2016). Since
trophectodermal cells are also epithelial, and epithelial cells are mutually repulsive, both must be

modified to enable adhesion (Owusu-Akyaw et al., 2019; Whitby et al., 2018).

Significant factors within the uterine fluid which may mediate maternal-fetal communications
either through autocrine or paracrine mechanisms include proteins (Greening et al., 2016b; Heng et
al., 2011), growth factors (Gurner et al., 2020), miRNA (Cuman et al., 2015), and exosomes (Greening
et al., 2016a). For reviews on the factors related to receptivity and implantation, see Dimitriadis et al.

(2005, 2010). Extracellular vesicles are secreted by both the maternal endometrium (Greening et al.,
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2016a; Homer et al., 2016) and the embryo (Giacomini et al., 2017), with the cargo of endometrial
exosomes modulated by the hormonal milieu of the menstrual cycle (Greening et al.,, 2016a).
Exosomes retrieved from the human endometrial epithelium modulate the functions and
implantation potential of the embryo, increasing blastocyst cell number, hatching rate, and embryo
outgrowth (Gurung et al., 2020). This highlights the important contributions from the maternal uterine

environment to supporting embryonic and fetal growth.

Dysregulation of the factors within the uterine fluid across the menstrual cycle has the
potential to impact or disrupt maternal-fetal interactions. Indeed, an altered cytokine profile within
the uterine fluid has been identified in women who experience idiopathic infertility, which may impact
endometrial function and receptivity in later phases of the menstrual cycle (Fitzgerald et al., 2016).
Research is beginning to identify altered uterine environments in women who suffer from conditions
such as PCOS and obesity, and as is the focus of this thesis, how they impact maternal-fetal

interactions which may underpin the poor fertility outcomes of these women.

1.6.1 Adhesion and Implantation

The blastocyst must approach the receptive endometrium and adhere to the luminal epithelium via
cell-cell interactions before invasive implantation can occur (Figure 1.7). The embryo forms a
reversible attachment during apposition, proposed to activate the trophectoderm cells into an
invasive phenotype (Ruane et al., 2017). Following apposition, the embryo adheres to the epithelium,
forming a more stable maternal-fetal complex. The trophoblast extends in a bipolar manner on the
epithelium and penetrates between the epithelial cells and then through the decidualizing stromal
compartment (Bentin-Ley et al., 2000). In a model of early implantation, it has been suggested that
the trophoblast senses the orientation of the underlying stroma and aligns itself during invasion, giving

rise to the axis for embryonic development (Carver et al., 2003).

The details of initial phase of implantation, embryo adhesion, are widely debated. Evidence
exists both for direct cell-cell interaction of the trophectoderm and luminal epithelium, but it is also
possible that the embryo invades between epithelial cells without direct contact (Bentin-Ley et al.,
2000; Lopata, 1996). In the mouse, direct contact of these two cell types occur, before embryo-
mediated entosis of epithelial cells allows for invasive implantation (Li et al., 2016). There are
significant differences in the mode of adhesion and implantation between species (review: Lee and
DeMayo, 2004), resulting in the need for in vitro methods to improve our understanding of human

embryo adhesion and implantation.
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apposition

invasion

Endometrium

Figure 1.7: Embryo adhesion and implantation. The embryo approaches the luminal epithelium (LE)
where it is exposed to soluble secreted factors (SS) and exosomes (Exos) secreted from the uterine
glands (glandular epithelium, GE), undergoes apposition then adhesion to the LE, and finally invasion
between the epithelial cells into the stromal layer. ©Lois Salamonsen, used with permission.

1.6.2 Models to study embryo-epithelial interactions

The complex maternal-fetal interactions during implantation are difficult to study, and many must be
extrapolated or inferred from animal models. However emerging technologies such as endometrial
and trophoblast organoids may provide experimental means by which to study these earliest stages
of human pregnancy in vitro (Abbas et al., 2020; Haider et al., 2018; Turco et al., 2017). Interactions
between spheroids of trophectoderm or trophoblast cells and monolayers of human endometrial
epithelium provide means by which to examine adhesive interactions (John et al., 1993; Thie and
Denker, 2002), similar to in vitro investigation of cancer metastasis, however cell line investigations
have inherent limitations in their physiological representation (review: Weimar et al., 2013). Some
models, including those used in this thesis, use a monolayer of epithelial cells, whereas other models
provide a more comprehensive overview though modelling of the endometrial and stromal
compartment in culture (Wang et al.,, 2012). The spheroids formed in such models often utilise
trophoblastic cells such as BeWo, or HTR8/SVneo that are more representative of differentiated and
invasive cells (Szklanna et al., 2017). Work in the Salamonsen laboratory has extended these spheroid
adhesion assays to utilise trophectodermal stem cells to be as representative as possible when

investigating ‘embryo-epithelium’ interactions (Evans et al., 2020b; Kinnear et al., 2019).

Recent developments in organoid culture of cells from the human endometrium and
trophoblast have greatly improved upon the physiological relevance of current models of maternal-
fetal interactions (Abbas et al., 2020; Fitzgerald et al., 2021; Haider et al., 2018; Turco et al., 2018).
Human endometrial epithelial organoids retain characteristics of donor tissue; application of

hormones related to the menstrual cycle and pregnancy drive alterations to cell function, morphology,
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ciliation, and secretory capacity (Boretto et al., 2017; Fitzgerald et al., 2019; Haider et al., 2019; Turco
et al., 2017). Organoids of the human endometrial epithelium may be utilised to examine functions of
primary endometrial epithelial cells and both validate and build upon results from cancer cell lines:
they enable investigation of mechanisms underpinning endometrial pathology and responses to
sexually transmitted infections such as chlamydia (Bishop et al., 2020; Boretto et al., 2019). In addition,
endometrial glandular organoids can be derived from the decidua of term placenta, allowing
experimentation on tissue with a known pregnancy outcome (Marini¢ et al., 2020). Organoids of the
human endometrial epithelium have been used in this thesis as a primary cell model, detailed in

Chapter 5.

1.6.3 The Adhesome
Adhesion of an embryo to the endometrium is an essential yet under-studied process. Investigation

of the proteins involved and their functions may provide critical insights into in vivo adhesion, while
study of their functions and alterations in pathologies may provide targets for both therapeutics and

non-hormonal contraceptives.

The “adhesome” is a term newly coined by Dr Evans in the Salamonsen laboratory at the
Hudson Institute of Medical Research (Evans et al., 2020a). It describes the protein cohort involved in
the adhesion of an embryo to the endometrium, which is essential for reproduction as the embryo
may not implant without first having successfully adhered to the endometrium. Adhesion occurs
between an apposed blastocyst and the receptive luminal epithelium. As such the adhesome reflects
the total cohort of proteins altered when the receptive endometrial epithelium is exposed to an
adhering embryo, modelled using the adhesion of trophectoderm spheroids to primary endometrial

epithelial cells (Evans et al., 2020a).

1.7 Obesity

Obesity, defined by the World Health Organisation (WHO), as the accumulation of excess fat which
can affect an individual’s health, is diagnosed by having a body mass index (BMI) equal to or greater
than 30 kg/m?. The percentage of obese adults is highest in developed, Western countries, including
Australia. In 2016 the WHO found 29% of Australian adults to be obese, including 28.4% of female
adults (Global Health Observatory data; Figure 1.8). The WHO have shown obesity to follow an
increasing upwards trend over the last 30 years, termed ‘Globesity’ and have urged for health

interventions to prevent or reduce the physical, mental, and financial burdens that come with obesity.
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Figure 1.8: Global levels of obesity in female adults. Percentage of the female adult population that
are obese (BMI > 30 kg/m?). Map obtained from WHO Global Health Observatory map gallery.

1.7.1 Effects of obesity on reproduction

In Australia, almost half of the women who give birth are overweight or obese (Australian Institute of
Health and Welfare, 2017). Obesity has been shown to affect fertility and menstruation (Rogers and
Mitchess, 1952), to increase maternal and fetal risk during gestation, and to predispose offspring to
non-communicable diseases (Heerwagen et al., 2010; Jungheim et al., 2010). For both men and
women, an increasing BMI is correlated with increased subfecundity, a prolonged period before
conception (Ramlau-Hansen et al., 2007). With an increasing prevalence of obesity amongst both men
and women of reproductive age, it is important to understand the impact of obesity on reproductive
health and offspring.

1.7.1.1 Female reproduction

Obesity has numerous effects on the female reproductive system, culminating in reduced overall
fertility. Menstrual irregularities have long been associated with obesity. Among women experiencing
menstrual disturbances including amenorrhea, infertility, and recurrent pregnancy loss, there is a
significantly higher prevalence of obesity compared to women experiencing normal menstrual cycles

(Rogers and Mitchess, 1952). Obesity is further correlated to irregular menstrual cycle length,
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amenorrhea and oligomenorrhea (Castillo-Martinez et al., 2003; Zhang et al., 2012), and increased

serum FSH concentrations in infertile women (Seth et al., 2013).

A normal body mass index (BMI) is considered to be within the range 18.5 to 24.9. For every
1 unit increase of BMI over 29, the probability of a spontaneous pregnancy in ovulatory women
decreases by 4% (Van Der Steeg et al., 2008). Likewise, increasing BMI and associated fat distribution
reduced the probability of conception in a natural cycle, as a 0.1 increase of waist to hip ratio was
associated with a 30% reduction in conception rate (Zaadstra et al., 1993). In contrast, one study has
shown that obese women have an increased propensity to achieve pregnancy in a shorter period of
time, termed ‘superfertility’ (Bhandari et al., 2015), but have an increased prevalence of recurrent
pregnancy loss (Bhandari et al., 2015; Sugiura-ogasawara, 2015). Obesity has likewise been shown to
be highly related to miscarriage as it significantly increased the odds of experiencing a miscarriage
compared to non-obese women (Lashen et al., 2004; Sugiura-ogasawara, 2015; Veleva et al., 2008;
Wittemer et al., 2000). In particular, obesity is associated with an increased frequency of euploid

miscarriage in natural cycles (Boots et al., 2014).

The effects of obesity on pregnancy outcomes are not consistent within the literature, as
several studies have shown no correlation between BMI and reproductive outcomes following ART
cycles (Insogna et al., 2017; Jungheim et al.,, 2013; Martinuzzi et al., 2008; Schliep et al., 2015;
Wattanakumtornkul et al., 2003). However, a consensus appears to be building on the detrimental

effects of obesity on a variety of reproductive measures (Sermondade et al., 2019).

Weight alteration between pregnancies has been investigated, with overweight or obese
women who lost weight between pregnancies showing a significantly reduced time to pregnancy
compared to women who maintained their weight. Conversely, underweight women who gained
weight between pregnancies showed an increase in time to pregnancy (Ramlau-Hansen et al., 2007).
If an obese woman does become pregnant, she is more likely to suffer from early and recurrent
miscarriage (Bhandari et al., 2015; Lashen et al., 2004; Sugiura-Ogasawara, 2015; Wittemer et al.,
2000). It should be stressed that weight loss is not a cure-all solution, particularly for infertile women
approaching reproductive senescence. For example, even following an average weight loss of almost
10 kg, while some benefit was evident for spontaneous conception, live births following IVF were not
significantly improved for obese women (Legro et al., 2015). The underlying mechanisms of obesity-
related infertility should be addressed, as a mechanism has not yet been identified for how obese

women suffer from a disproportionate number of adverse outcomes.
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1.7.1.1.1 The endometrium

The effect of obesity on the endometrium has been highlighted in oocyte donation models, which
control for gametic effects. Increasing BMI in recipient women has been significantly correlated with
reduced implantation, and an increased risk of pregnancy loss (Bellver et al., 2007; DeUgarte et al.,
2010; Provost et al., 2016). As oocytes were donated from women of normal weight, these results
highlight an effect of obesity on the endometrium, and suggest an unfavourable intrauterine
environment for establishing pregnancy (Bellver et al., 2007; Bellver et al., 2013). Obese women have
an increased loss of transferred cryopreserved genetically euploid embryos, further highlighting the

role of the endometrium (Tremellen et al., 2017).

The regeneration of the endometrial functionalis in the menstrual cycle is reliant largely on
the stem cell population of the basalis. Proliferation of the stromal layer is also required during
invasive implantation and placentation to remodel the endometrium towards sustaining pregnancy.
During the window of implantation, 6-10 days after ovulation, the obese endometrium has been found
to have a reduced population of endometrial mesenchymal stem cells which may negatively impact
the subsequent ability of the endometrium to undergo the remodelling required for invasive
implantation and healthy placentation, resulting in an increased risk of pregnancy loss and

complications (Murakami et al., 2013).

Uterine natural killer cells (uNK) which regulate the remodelling of the endometrial
vasculature during the cycle and implantation, have also been shown to be affected by obesity (Parker
et al.,, 2013; Perdu et al., 2016). In a mouse model, obesity reduces leukocyte expression of interferon-
v (important for arterial remodelling), along with a reduced population of uNK, and altered T-cell
profiles (Parker et al., 2013). Perdu et al., (2016) examined the effects of obesity on uNK which are
important in vascular remodelling and trophoblast invasion during placentation: a reduction in both
the total number of uterine natural killer cells and their different gene expression patterns was seen
in cells isolated from endometrium from obese compared with lean women. Although uterine natural
killer cells were able to proliferate, the obese uterine environment appears to be detrimental to their
survival. Interestingly, the uterine natural killer cells of the obese endometrium overexpressed decorin
which blocks placental trophoblast outgrowth, and increases extracellular matrix signalling molecules
and growth factor receptors. The signalling in this environment was more representative of a fibrotic
and inflammatory pregnancy compared to control and may partially explain the increased miscarriage
rate. The functionality of the uNK was also changed in terms of angiogenesis, with the obese
endometrium showing narrower arteries with thicker smooth muscles. This indicates that obesity
affects endometrial vascular remodelling and promotion of an environment which is hostile to

placentation.
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Endometrial remodelling is further affected by obesity: in a mouse model, diet-induced
obesity reduced the decidualisation of stromal cells, while exposure to fatty acids prevalent in the
Western diet reduced the decidualisation of human endometrial stromal cells (Rhee et al., 2016).
Decidualisation requires proliferation and energy, and it is hypothesized that autophagy—cellular
recycling—is important in this process. In mouse and human models, obesity and exposure to the
unsaturated fatty acid palmitic acid, reduced markers of autophagy, implying that obesity reduces the
ability of the endometrium to recycle cellular components and meet the energy demands of

decidualisation (Rhee et al., 2016).

Endometrial receptivity has also been shown to be altered on a genetic level, as during the
window of implantation the expression of genes involved in transcriptional regulation, development,
and basic metabolic processes are negatively impacted by obesity, especially in combination with
polycystic ovary syndrome, a common comorbidity of obesity. This aberrant gene expression also
affects pathways involved in implantation (Bellver et al., 2011; Comstock et al., 2015). Recent evidence
suggests that obesity, while detrimental on its own, does not necessarily exacerbate all endometrial
pathologies: for example, an elevated BMI does not further alter the endometrial gene expression in

the endometrium from women with endometriosis (Holdsworth-Carson et al., 2020).

1.7.1.1.2 Ovarian effects

There is significant evidence that obesity impacts the oocyte, with continuing effects on embryonic
development (Robker, 2008). Approximately 25% of ovulatory infertility can be attributed to an
overweight or obese BMI while an increase in BMI is associated with an increase in relative risk for
anovulatory infertility (Rich-Edwards et al., 2002). Follicular fluid contains nutrients required for
oocyte development and competence, and the balance of its various components is altered in obese
women (Robker et al., 2009; Valckx et al., 2012). In overweight and obese women, increased levels of
triglycerides and insulin were demonstrated in the follicular fluid of oocytes after ovarian
hyperstimulation, but no direct effect of BMI on oocyte quality was found (Valckx et al., 2012).
However, other research has found a significant effect of BMI on different markers of oocyte quality.
Metaphase | and Il oocytes, which are considered to be good quality oocytes, were reduced in
overweight and obese women, who tended to have more oocytes retrieved that were premature, or
had fractured zona pellucida (Wittemer et al., 2000). The diameter of oocytes retrieved from
overweight and obese women during ART are significantly smaller than those from normoweight
women: as smaller oocytes are less likely to cleave and form blastocysts: this is an indicator of poor
quality of resultant embryos (Atzmon et al., 2017; Leary et al., 2015). Oocytes from overweight and
obese women also have an altered profile of fatty acids, important in cellular function, as the fatty

acids within a cell determine cell membrane properties and influence their biological functions.
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(Matorras et al., 2020). Matorras et al., (2020) propose that the reduced polyunsaturated fatty acid
content in oocytes from obese women may impair the cellular processes of fertilisation, and
contribute to the poor reproductive outcomes.

The effects of obesity on the oocyte have more extensively been examined in mouse models.
The “blobby” mouse, containing an AIms1 mutation, overeats and develops obesity. Following the
onset of obesity, these mice exhibit fewer ovulated oocytes, analogous to reduced ovulation in obese
women (Wu et al.,, 2015). Oocytes from these obese “blobby” mice exhibit poor mitochondrial
function, spindle formation, and expression of extracellular matrix proteins important in fertilisation
(Wu et al., 2015). Additionally, in both diet and genetic models of obesity in mice, expression of
epigenetic machinery and methylation is significantly impacted, which may impact long term offspring
health (Hou et al., 2016).

Of concern, mitochondrial damage observed in obese mothers is transmitted to the offspring,
altering growth trajectories and mitochondrial copy number in “blobby” mice (Wu et al., 2015). This
highlights the need to alleviate obesity-induced damage to support healthy maternal-fetal
interactions and embryo development. The impacts of obesity on oocyte mitochondrial function and
lipid accumulation are not necessarily reversible by diet, indicating that short term weight loss, whilst
beneficial in normalising whole body measures of metabolism, may not be as beneficial to gamete

quality and fertility (Reynolds et al., 2015).

1.7.1.1.3 Gestational Disorders

Obese women are at a higher risk of first trimester and early miscarriage, and are more likely to suffer
from recurrent miscarriage and pregnancy loss (Bellver et al., 2003; Lashen et al., 2004; Sugiura-
ogasawara, 2015). Once the pregnancy is well established, an obese woman is subject to further risk
during gestation, with increased likelihood of pre-eclampsia (Roberts et al., 2011), gestational
diabetes (Chu et al., 2007), intrauterine growth restriction (Wu et al., 2004) and pre-term birth
(Cnattingius et al., 2013).

1.7.1.2 Male reproduction

Obesity has been correlated with reduced testicular function: obese men with a history of fertility
have a significantly lower sperm count than fertile men with a normal BMI or those who are
underweight (Stewart et al., 2009). However, the association of BMI with sperm count is not
consistent: several studies find no correlation between the two variables (MacDonald et al., 2013).
Furthermore, some studies show no effect of overweight or obesity on sperm quality, and when
partnered with a normoweight woman, no significant impact on reproductive outcome following ART
(Thomsen et al., 2014). BMI has also been shown to have a significant negative effect on the

reproductive hormones testosterone and free testosterone, and on sex hormone binding globulin
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(MacDonald et al., 2013; Stewart et al., 2009). Further, elevated male BMI in conjunction with age
negatively impacts the quality of embryos produced through IVF and subsequent live birth rate

(Anifandis et al., 2013).

Although obesity detrimentally affects male reproduction, the paternal effects of obesity will not
be discussed in detail here, as this research aims to understand perturbations in maternal-fetal

interactions mediated by obesity.

1.7.1.3 Combined parental obesity

As obesity increases in prevalence, there is a greater occurrence of both maternal and paternal
obesity. Finger et al., (2015) investigated the effect of combined parental obesity on reproduction, a
relatively understudied area. It was known that the obese male phenotype may confer epigenetic
programming onto the offspring, so the combination of male and female obesity needed to be
examined. In a mouse model of combined parental obesity, there was a reduction in successful mating
as evidenced by the lack of a vaginal plug, when compared to individual obesity, along with alterations
in embryo developmental morphokinetics, reduction of total cell count and proportion of cells in the
trophectoderm (Finger et al., 2015; McPherson et al., 2015). Embryos resulting from parents both with
obesity, also had increased glucose consumption but no increase in lactate, indicating altered embryo
viability (Finger et al., 2015). In addition, such offspring had reduced fetal and placental weight
(McPherson et al., 2015). In humans, a study of ART cycles examined the effect of individual and
combined parental obesity, and noted no significant effect of combined parental obesity on the clinical
pregnancy rate following IVF or ICSI treatments (Kupka et al., 2011). The authors of this study noted
that previous studies have not agreed on the effects of obesity on implantation rate and ART
outcomes, and caution that their dataset may have underestimated the prevalence of obesity. Further
studies have shown that couples where both partners are overweight or obese, have an increased risk
of experiencing subfecundity than normal weight couples (Anifandis et al., 2013; Ramlau-Hansen et

al., 2007).

1.7.1.4 Obesity and ART

It is debated in the literature whether obesity is significantly associated with a reduced rate of
implantation and pregnancy in ART cycles. However a recent meta-review found a significant negative
correlation between obesity and live birth rate in women who underwent IVF (Sermondade et al.,
2019). Kupka (2011) found a significant increase in clinical pregnancy rates when an obese woman
underwent ICSI, or if the male partner undergoing ICSI or IVF was obese. Some studies have shown
no effect of obesity on implantation rate following fresh or frozen thawed embryo transfer (Insogna

et al., 2017; Valckx et al., 2012). However female obesity has also been linked to significant adverse
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outcomes including reduced clinical pregnancy rate, live birth rate, and increased rate of miscarriage
following embryo transfer (Bu et al., 2020; Fedorcsak et al., 2004; Provost et al., 2016; Rittenberg et
al.,, 2011; Tremellen et al.,, 2017). Indeed, with live birth rate following embryo transfer was
approximately 30%, increasing BMI significantly reduced this by up to 10%: women with a BMI > 50
kg/m? had a live birth rate of 21.2% (Provost et al., 2016).

Gonadotrophin requirement for ovarian stimulation is increased in obese women compared
to those of normal weight, with FSH required for longer periods of time and at higher doses (Orvieto
et al., 2009). Even so, obese women are at increased risk of insufficient follicle development
(Fedorcsak et al., 2004). Obesity also reduces the number of oocytes retrieved following ovarian
hyperstimulation, inherently limiting the success of IVF (Valckx et al., 2012; Wittemer et al., 2000),

with those retrieved being of lesser quality (Wittemer et al., 2000).

1.7.1.4.1 Effects on the embryo

Parental obesity at the time of conception may impact embryonic development through gametic
effects, epigenetic programming, or via alterations in the tubal or uterine microenvironments (review:
Lane et al., 2015). Fewer quality embryos form from fertilized oocytes retrieved from obese women
than from those of normal BMI (Valckx et al., 2012), suggesting that obesity may somehow affect in
vitro embryonic development. Conversely, in follicles of > 15 mm diameter, optimal for ART, retrieved
oocytes from obese women are able to generate embryos which are appropriately developed by day
3 of culture (Orvieto et al., 2020): however the persistence of these effects to day 5 of culture was not
examined in either study.

Preimplantation embryo morphokinetics have been used as a marker of embryo quality and
viability (Del Canto et al., 2012; Hlinka et al., 2012). While assessment of early embryo morphokinetics
showed no detrimental effect of female obesity on embryo quality in the first three days of
development (Bellver et al., 2013a), embryos from obese and overweight women develop to morula
and subsequent blastocyst stages significantly faster than embryos from normoweight women (Leary
et al., 2015). Leary et al., (2015) also investigated multiple parameters indicative of human embryo
quality from overweight and obese women in comparison to normoweight women, showing that the
oocytes from overweight and obese women, and the resultant embryos, were significantly smaller,
and had a lower total cell count with fewer cells present in the trophectoderm. As the trophectoderm
is involved in placentation this could correlate to the increase in pregnancy loss seen in obese women.
Furthermore, this study demonstrated that ‘overweight and obese’ embryos have an increased amino
acid turnover, specifically consuming more methionine, serine, and glutamine. Glucose consumption
was also reduced in these embryos. Interestingly ‘overweight and obese’ embryos had a significantly

higher level of endogenous triglycerides than ‘normoweight’ embryos, which are also significantly
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increased in embryos which arrested. Thus obesity and overweight negatively affect both the
metabolism and development of the preimplantation embryo (Leary et al., 2015).

Though obesity has been strongly implicated in impaired embryonic development, the mechanism
by which it does so is still not understood. As the follicular microenvironment mirrors some of the
abnormalities seen in the serum of obese women (Valckx et al., 2012), it was hypothesized that
metabolic changes may alter meiotic division and result in aneuploid embryos (Goldman et al., 2015).
In a mouse model, obesity is associated with an increased occurrence of aneuploidy, this has not been
reflected in human studies (Goldman et al., 2015). This implies that an alternative mechanism is
responsible for the reproductive outcomes seen in obese women. In a sheep model of obesity,
differential expression of genes important in embryogenesis and placental development was observed
(McCoski et al., 2018). Additionally, Tremellen et al. (2017) theorise that there may be an epigenetic
mechanism affecting the expression of critical genes in obese origin embryos to explain the loss of

euploid embryos in obese women undergoing ART.

1.8 Advanced Glycation End Products

Advanced Glycation End Products (AGEs) are a family of non-enzymatic protein modifications which
cause down-stream inflammation. They affect multiple tissues and are associated with the
complications of a number of diseases including diabetes, cardiovascular disease and stroke. AGEs are
elevated in people who suffer from obesity and are associated with the development of metabolic
syndrome (Uribarri et al., 2015). Of relevance to this thesis, AGEs are significantly elevated in the
uterine fluid of obese women, and impair endometrial function (Antoniotti et al., 2018), thus they may

contribute to the poor reproductive outcomes experienced by obese women.

1.8.1 Structure and Formation

AGEs are formed in several different ways, both endogenously and exogenously. Endogenous AGEs
can be formed by proteins and glucose undergoing transformation primarily via the Malliard reaction.
Glucose is covalently bonded to free amino acids or lipids and undergoes either oxidation or
hydrolysis. For a review of AGEs biochemistry and analysis, see Perrone et al. (2020). This spontaneous
reaction is used in vitro to prepare AGEs solutions for experimentation (Figure 1.9).

AGEs and their precursors can also be absorbed from external sources including cigarette
smoke and the consumption of highly heated and processed foods. Browning of food during cooking
generates large quantities of AGEs through the Maillard reaction. Factors that enhance AGE formation

in foods include high lipid and protein content, and application of dry heat. Fewer AGEs are generated
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in gentler cooking methods with higher water content, for example boiling and steaming. For reviews

see (Sharma et al., 2015; Zhang et al., 2020).
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Figure 1.9: In vitro formation of AGEs. Following 3 months of incubation, a golden colour was
observed in the HSA solution containing glucose, indicating the formation of AGEs, in comparison to
control (A). These solutions were depleted of endotoxin prior to experimental use (B).

1.8.2 Accumulation of AGEs in the body

Exogenous AGEs consumed through the diet contribute to the AGEs burden in the body.
Approximately 10% of dietary AGEs are absorbed and either enter the circulation eventually being
excreted through the urine (only approximately a third of absorbed dietary AGEs), or accumulate
within organs and tissues (Koschinsky et al., 1997). Dietary AGEs and their absorption have recently
been comprehensively reviewed (Guilbaud et al., 2016; Zhang et al., 2020). Their absorption is
dependent on the molecular structure, as the Maillard reaction leads to a heterogenous array of AGEs:
dicarbonyls such as methylglyoxal are broken down during digestion and are unlikely to influence
serum methylglyoxal levels; however, structures such as n-g-carboxymethyl lysine (CML) are more
readily absorbed in the gastrointestinal tract. Rodent models demonstrate that dietary CML not only

enters circulation, but can accumulate throughout the body.

How AGEs accumulate within the reproductive tract, including the uterine fluid, is poorly
understood as this unique environment is regularly remodelled with shedding of the endometrium
during menses. Diet is known to modulate the composition of human uterine fluid, thus it may also

be impacted by exogenous AGEs (Kermack et al., 2015).

1.8.3 Signalling pathways of AGEs
AGEs can bind to a variety of signal receptors to induce multiple responses, (reviews: Ott et al., 2014;

Xie et al., 2013). AGEs receptors include the receptor for advanced glycation end products (RAGE),
advanced glycation end products receptor complex (AGE-R, also known as OST48), Toll Like Receptor
4 (TLR4) (Noguchi et al., 2010), and macrophage scavenger receptors including LOX-1 (Ott et al., 2014;

Xie et al., 2013). RAGE is approximately 35 kDa, and consists of an extracellular ligand binding domain,
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two cytosolic domains, a transmembrane helix, and a cytosolic signal transduction domain. Although
it does not induce signal transduction by itself, activated RAGE recruits different transducers to
mediate the cellular effects. One example is Src, which upon recruitment, phosphorylates the cytosolic
signal transduction domain, and produces reactive oxygen species (ROS). Through signal transduction
and oxidative stress on the Golgi and mitochondria, NFkB is activated and translocates to the nucleus,
where it increases the expression of genes involved in the inflammatory response and receptor
upregulation (Ott et al., 2014). AGEs-stimulated RAGE also activates ERK1/2 and JNK kinases to
activate the transcription factors NFkB and activator protein-1, in turn upregulating the expression of
lysyl oxidase and endothelin-1, which can lead to altered ECM constituents, and vascular dysfunction
(Adamopoulos et al., 2016). Soluble (s)RAGE is a soluble ligand for RAGE which may act as a decoy to
this receptor, and its elevation in bodily fluids may confer beneficial effects (Ott et al., 2014). However,
sRAGE will not be the primary focus of this thesis. AGEs exert additional cellular effects through TLR4
signalling (Noguchi et al., 2010), activating NFkB and promoting inflammation; for a review of TLR4
signal transduction refer to Lu et al. (2008). AGEs and their precursors (such as glycoaldehyde) can
also be directly taken up into the cells, leading to endoplasmic reticulum stress, and activation of the

unfolded protein response, which ultimately induces apoptosis (Yamabe et al., 2013).

1.8.4 Physiological function
AGEs are involved in the inflammatory response, causing translocation of NFkB to the nucleus and

resulting in the expression and release of a milieu of pro-inflammatory factors. Furthermore, signalling
through the receptor for AGEs (RAGE) via other ligands can stimulate cellular proliferation and induce
apoptosis (Arumugam et al., 2004; Jin et al., 2011; Rani et al., 2014). AGEs have been identified in the
pathology of several conditions including diabetes, Alzheimer’s disease, and cardiovascular health
(review: Singh et al., 2001). In some conditions, AGEs can be synthesized and secreted by macrophages
to stimulate inflammation. Their secretion is significantly upregulated during post ischemic
reperfusion injury, and exacerbates muscle cell death. Inclusion of sRAGE during therapeutic

application of stem cells helps to prevent cell death and improve tissue recovery (Son et al., 2017).

1.8.5 AGEs and Female Reproduction
AGEs accumulate throughout the human and mammalian reproductive tracts, and tend to be elevated

in people who are subfertile, including those who suffer from obesity (Antoniotti et al., 2018), diabetes
(Mallidis et al., 2008), and polycystic ovary syndrome (Diamanti-Kandarakis et al., 2005). Whilst AGEs
and their signalling may play a physiological role in human reproduction, their elevation and

dysregulation of RAGE signalling is likely detrimental to fertility.
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AGEs and their receptors have been localised and examined throughout the female reproductive
tract and associated with various gynaecological pathologies in which altered localisation and
expression of AGEs and their receptors are apparent. AGEs within the female reproductive tract have
the potential to impact oocyte development and competency, preimplantation embryo development,

placental formation and function, and ultimately the final outcome of pregnancy.

1.8.5.1 AGEs in the ovary: implications for oocyte development, maturation, and competency
The location and pathological implications of AGEs within the ovary have been described and

previously reviewed (Merhi, 2014). Healthy ovarian function is critical for maintaining gamete quality
and fertilisation potential. Within the ovary, follicles exist in a heterogenous array of developmental
stages, and selection and ovulation of one or two follicles is directed under the fine control of FSH and
LH. As gametes are not generated de novo within the ovary through a woman’s reproductive life, AGEs
have the potential to influence a woman’s entire cohort of germ cells. It is therefore necessary to
understand the physiological and pathological effects of AGEs on follicular development and gamete
health, and whether interventions may normalise any adverse effects to optimise reproductive health
for women with elevated AGEs. Contents of the follicular fluid are critical for healthy oocyte
development and maturation—indeed Takahashi et al. (2019) demonstrate elevated follicular fluid
levels of AGEs to be associated with poor quality embryos developing from the follicles. Levels of AGEs
in follicular fluid correlate with impaired follicular growth, fewer recovered oocytes, reduced
fertilisation during ART cycles, and a lower probability of ongoing pregnancy following ART (Jinno et
al., 2011). Importantly, cumulus cells, which surround the oocyte, derived from women undergoing
IVF, are impacted by AGEs in terms of steroidogenic enzyme expression, and estrogen profile;
expression of steroidogenic enzymes improved by Vitamin D3. Thus elevated follicular AGEs may
impact oocyte and follicular synchrony (Merhi et al., 2018). In vitro, anti-mullerian hormone signalling
is altered by AGEs, potentially impacting folliculogenesis in women with elevated follicular AGEs
(Merhi, 2019). Granulosa cells and monocytes within follicular fluid also accumulate AGEs, and express

RAGE in correlation with a patient’s age (Stensen et al., 2014).

Ovarian ageing appears to be influenced by AGEs-modified extracellular matrix proteins,
possibly contributing to the declining follicular reservoir. Indeed, in vitro, AGEs-fibronectin resulted in
the cell death and detachment of granulosa lutein cells which normally adhere to fibronectin alone
(Stensen et al., 2014). Furthermore, with advancing maternal age, a reduction in plasma sRAGE is
observed—as sRAGE may act as a decoy receptor and mitigate AGEs induced signalling, this reduction

may exacerbate the effects of ovarian AGEs (Fujii and Nakayama, 2010).

Elevated levels of AGEs have been implicated in pathologies of the ovary, including Polycystic

Ovary syndrome (PCOS) (Diamanti-Kandarakis et al., 2005). This syndrome, affecting between 3 and
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10% of women, alters hormonal profiles, hyperglycaemia, ovulation, and subsequently fertility (Wolf
et al., 2018). Associated insulin resistance and resultant hyperglycaemia would imply accelerated
formation of AGEs. Indeed, regardless of insulin resistance, women with PCOS have higher serum
concentrations of AGEs (Diamanti-Kandarakis et al., 2005) and there appears to be a synergistic effect

of AGEs and insulin resistance on folliculogenesis (Jinno et al., 2011).

1.8.5.2 AGEs and the early embryo
Given the sensitivity of the embryo to environmental cues, exposure to AGEs or conditions promoting

their formation may have long term consequences for development. Under in vitro oxidative stress,
human embryonic stem cells upregulate mRNA and protein expression of RAGE, while somatic cells
accumulated CML, embryonic stem cells did not. However, upon differentiation towards cardiac
myocyte identity, RAGE expression was reduced, with a concurrent increase in proteasome activity
(Barandalla et al., 2017). This indicates that the regulation of RAGE signalling is important in embryonic

stem cell differentiation, and has a potential role in early embryo development.

At the time of writing, the process of fertilisation within an AGEs-rich environment has not
been examined. With elevation of AGEs in the uterine fluid of obese women, sperm ascending the
female reproductive tract are open to assault by AGEs, which may influence their motility and
capacitation, though evidence suggests short term exposure to glycating agents has limited effects on
human sperm function (Nevin et al., 2018). Levels of AGEs within the Fallopian tube are unknown, but
may potentially affect the site of oocyte fertilization and development to morula. In vitro studies of
fertilization may shed light on the effects of AGEs on this critical interaction and subsequent
development. Uterine fluid is a conduit for maternal-fetal interactions, and elevated levels of AGEs
within this fluid microenvironment may detrimentally impact blastocyst hatching and development.
AGEs-modified BSA and glyoxal increased cellular fragmentation and significantly reduced the
proportion of rat embryos forming blastocysts in vitro (Hao et al., 2008). These studies utilized

naturally-mated embryos, hence conclusions cannot be drawn as to effects of AGEs on fertilization.

Preimplantation embryos in vivo also show detrimental development in an AGEs-rich
environment. In a rabbit model of maternal diabetes, AGEs were elevated in the blood plasma and
endometrium of the rabbits, and critically both AGEs and RAGE accumulated significantly more in the
embryonic cells and blastocoel fluid compared to embryos derived from control animals (Haucke et
al., 2014). Aberrant AGEs accumulation and RAGE signalling, or exposure to an AGEs rich environment
may compromise early embryo development. This provides the first major research aim of this thesis

(Chapter 3).
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Recent research also demonstrates a lasting effect on offspring after in utero exposure to
elevated AGEs (Merhi et al., 2020). Following a maternal diet rich in AGEs, mouse offspring were born
early, exhibited a low birth weight, and delayed reproductive parameters. Subsequently, adiposity,
folliculogenesis, and steroidogenesis were detrimentally impacted, even though the offspring
themselves had a low AGE diet (Merhi et al., 2020). This implies that elevated maternal AGEs may

result in epigenetic programming which impacts the reproductive system in female offspring.

1.8.5.3 RAGE and AGEs in the uterus: implications for embryo development and implantation
AGEs and additional ligands for RAGE (CML, HMGB1) accumulate within the endometrium and the

uterine fluid (Antoniotti et al., 2018; Bhutada et al., 2014). AGEs are located in the stromal and
epithelial cells of the human uterus, exacerbated by obesity. AGEs are also present within uterine fluid
and in obese infertile women, their levels are four-fold higher than in the uterine fluid of lean, fertile
women (Antoniotti et al., 2018). In vitro, concentrations of AGEs equimolar with the obese uterine
environment reduced endometrial epithelial cell adhesion and proliferation, and reduced the
adhesive and invasive capacities of trophectoderm and trophoblast cells (Antoniotti et al., 2018), likely
reducing implantation competence. Furthermore, HMGB1 can induce proinflammatory responses and
cytokine secretion by activation of RAGE and TLR4. Its interaction with RAGE may contribute to the
control of timing of implantation, as it is elevated in the non-receptive phase of the menstrual and
estrous cycles, and application of exogenous HMGB1 reduces the implantation of rat embryos into the

endometrium (Bhutada et al., 2014).

Elevated AGEs appear to increase the extent of decidualisation (reflected in elevated PRL
expression) maybe leading to an altered ratio between senescent and decidual cells, which in turn
may limit recruitment of uNK and thus poor decidual remodelling (Brighton et al., 2017). Indeed uNK
have previously been identified as negatively impacted by obesity (Perdu et al., 2016), perhaps linked
through AGEs. Additionally, elevated RAGE has been identified in the follicular and peritoneal fluid
from women with endometriosis (Fujii et al., 2008), and in endometrial stromal cells from women with
endometriosis (Sharma et al., 2010). RAGE has been identified in both eutopic and ectopic
endometrial biopsies, indicating the involvement of the AGE-RAGE signalling axis in proinflammatory

endometrial pathologies (Fujii et al., 2008; Shimizu et al., 2017).

1.8.5.4 The placenta: AGEs may affect establishment and continuation of pregnancy
Proper formation and function of the placenta is vital for a healthy pregnancy, coordinating nutrient

and waste exchange. Low level AGEs may be tolerated during pregnancy; indeed, RAGE may
contribute to the inflammatory cascade of implantation and placentation, but perturbations may be

linked to preeclampsia and recurrent pregnancy loss.
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The human placenta and gestational tissues are able to respond to AGEs ex vivo, and RAGE
signalling through a number of pathways, which activate proinflammatory pathways and the secretion
of chemokines through NFKB and ERK1/2 signalling (Lappas et al., 2007). In isolated first trimester
trophoblasts, AGEs increased the secretion of the chemokines MIP1-a and MIP1-B approximately 3-
fold, increased apoptosis, and reduced the secretion of hCG. The elevated chemokine secretion was
reversed using antiaminoguanidines and namafostat melisate which inhibit nitric oxide synthase and
NFkB respectively (Konishi et al., 2004). Additionally, in Sawn71 trophoblast cells, AGEs activated both
JNK and ERK signalling pathways, and elevated the secretion of pro-inflammatory cytokines TNFa, and

IL-1B (Alexander et al., 2016; Shirasuna et al., 2016).

1.8.5.4.1 Evidence of AGEs in miscarriage and recurrent pregnancy loss
Miscarriage and recurrent pregnancy loss (RPL: loss of three or more pregnancy losses under 20 weeks

of gestation) affect a significant number of clinical pregnancies (15% and 1%, respectively (Rai and
Regan, 2006; Wu et al., 2017)), but the aetiology of these conditions is poorly understood. Whilst RAGE
is downregulated in the sera of RPL patients (Wu et al., 2017), serum levels of sSRAGE were 1.5 times
the level of control patients (Ota et al., 2014). Further, in the placentas from pregnancies that resulted
in still birth, the prevalence of CD163" macrophages expressing RAGE was significantly elevated, whilst
overall RAGE protein expression was reduced in the placenta (Kerby et al., 2021). Together these data

imply a dysregulation of physiological AGEs-RAGE signalling associated with RPL.

1.8.5.4.2 Evidence of AGEs in preeclampsia
Whilst pregnancy itself does not increase the concentration of AGEs in the serum, preeclampsia is

associated with two-fold elevated serum AGEs and AGEs accumulate in the preeclamptic placenta,
particularly in the syncitiotrophoblast and the endothelial cells (Chekir et al., 2006). Additionally, RAGE
protein and mRNA are elevated in the preeclamptic placenta versus healthy placenta (Alexander et

al., 2016).

AGEs demonstrate a dose-dependent relationship with numerous factors associated with
preeclampsia. Treatment of HTR8/SVneo extravillous trophoblast cells with AGEs resulted in increased
s-FIt1, VEGF, and ROS production, effects mitigated using a neutralizing antibody against RAGE, and
apocynin, which inhibits NAPDH oxidase (Huang et al., 2013). This implicates the RAGE signalling axis
as important in the aetiology of preeclampsia. Likewise, in the human trophoblast cell line, BeWo,
elevated AGEs significantly compromised tight junction integrity, partially reversed by an inhibitor of

RAGE and NFkB (Y. Shi et al., 2020)

Independent to the trophoblast, AGEs disturb vascular systems in general, contributing to the

pathology of preeclampsia (Guedes-Martins et al., 2013): elevated serum AGEs and CML correlate to
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increased vascular and arterial stiffness independent of other factors in large vessel hypertension
(McNulty et al., 2007; Semba et al., 2009). RAGE is significantly elevated in the myometrial blood
vessels of women with preeclampsia, beyond the elevation seen in healthy pregnancy (Cooke et al.,
2003). Within the umbilical cord blood, pentosidine (a form of AGEs) was moderately, yet significantly,
elevated in women with preeclampsia and positively correlated with birthweight, a significant
observation as altered birthweight could set the child up for a lifetime of altered health consequences

(Tsukahara et al., 2004).

The soluble receptor for RAGE (sRAGE) acts as a decoy receptor, binding RAGE ligands, thus
modulating RAGE signalling. Perturbations of sRAGE expression may lead to exacerbation or
suppression of RAGE signalling, resulting in downstream complications. For example, in women with
type 1 diabetes, a reduced level of SRAGE is associated with later development of preeclampsia (Yu et
al., 2012). Conversely, sRAGE is elevated in severe preeclampsia both in maternal serum and amniotic
fluid, and is proposed as overcompensation for elevated RAGE signalling (Oliver et al., 2011). In
addition, ligands for RAGE including HMGB1 and S100A12 are elevated in the maternal serum of
women with early and late onset preeclampsia (Naruse et al.,, 2012). Cumulatively, this provides
further evidence that the AGEs-RAGE signalling axis plays an important role in the maintenance of
healthy pregnancy with alterations of signalling associated with pathological conditions including

preeclampsia.

TLR4 expression is evident in the healthy first trimester and term placenta, but is increased in
the placenta from women with preeclampsia (Pineda et al., 2011). Physiological activity of TLR4 may
be a response to inflammatory stimuli from the maternal environment. Low level activation of TLR4
by LPS in a rodent model resulted in the development of preeclampsia, attenuated by the curcumin
inhibition of TLR4 (Fan et al., 2019; Gong et al., 2016), supporting the idea that TLR4 stimulation by

elevated AGEs may contribute to the development of this pathology.

1.8.5.5 AGEs influence the outcome of ART
The female contribution of elevated AGEs to outcomes of ART have been examined in a number of

studies. Increased AGEs in follicular fluid correlates with reduced number of collected and fertilized
oocytes, their fertilisation and production of high quality embryos (Yao et al., 2018) whilst sSRAGE in
follicular fluid inversely correlates with the amount of gonadotrophins required for ovulation (Merhi
et al., 2014). Furthermore, increased intrafollicular sSRAGE correlated to poor quality embryos on day
2 and day 3 following ICSI (Bonetti et al., 2013). However, this study would have been more convincing
if day 5 morphology and Gardner grading (Gardner et al., 2000a) had been applied. Finally, elevated

serum AGEs correlate with reduced live birth outcomes following IVF (Jinno et al., 2011).

32



Chapter 1: Introduction

1.8.5.6 Maternal AGEs and offspring outcome
The Barker hypothesis, now termed Developmental Origins of Health and Diseases (DOHaD), states

that prenatal exposure to toxins may set the offspring up for a lifetime of health or disease (Barker,
1995) It is now understood that prenatal epigenetic modifications mediated by the maternal
environment have lifetime consequences for health. Thus, prenatal exposure of the embryo and
developing fetus to excessive concentrations of AGEs may lay the foundation for altered development

and long-term health.

Following the development of a haemochorial placenta, the fetus is dependent on the
maternal bloodstream as a source of nutrition, and may be exposed to maternal AGEs. Indeed, serum
AGEs in the mother correlate with serum AGEs in newborns, and elevated AGEs transferred by the
mother may predispose offspring to the development of diabetes. Indeed maternal serum CML is

related to increased insulin resistance and adiponectin levels in the offspring (Meriq et al., 2010).

The embryo is also exposed to AGEs within the uterine fluid prior to implantation, particularly
in obese women (Antoniotti et al., 2018). Whilst preimplantation embryo development in such an
AGEs rich environment is not well understood, and is explored in chapter 3 of this thesis, recent
research demonstrates a lasting effect on the offspring of in utero exposure to elevated AGEs (Merhi
et al., 2020). Following a maternal diet rich in AGEs, mouse offspring were born early, exhibited a low
birth weight, and delayed reproductive parameters. Offspring adiposity, folliculogensis, and ovarian
steroidogenesis were also detrimentally impacted, even though the offspring themselves followed a
low AGEs diet (Merhi et al., 2020). In another rodent model, elevated AGEs in maternal diet during
pregnancy and before weaning of the offspring resulted in an increased bodyweight of young adult
male offspring and earlier demonstration of key reflexes indicative of neuronal development
(Csongova et al., 2018). These effects continued through development, with offspring exposed to high
maternal AGEs demonstrating memory and behavioural differences compared to those not exposed
to maternal AGEs (Csongova et al., 2019). This implies that maternal AGEs may result in epigenetic

programming which impacts offspring development.

In addition to epigenetic programming propagating the effects of AGEs proposed by Merhi et
al., (2020), maternal levels of AGEs directly influence offspring AGEs following gestation: AGEs can be
transferred from mother to child through lactation (Meriq et al., 2010). Lactation is an important
process by which offspring accumulate critical maternal factors which influence their lifetime
immunity and growth trajectory, as demonstrated in the Tammar wallaby (Trott et al., 2003). Francisco
et al. (2018), using a rodent model in which lactating female rats were exposed to methylglyoxal
(significantly altered milk composition in relation to glycose, insulin, cholesterol, triglycerides, and

fructosamine concentrations), demonstrated that offspring had higher final bodyweight, altered fat
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storage, and lipid profile. Of significance, offspring had elevated blood glucose, coupled with impaired

glucose tolerance and insulin sensitivity, indicative of a diabetic phenotype in the offspring.

1.8.6 Current interventions to remediate AGEs induced damage
Therapeutic interventions targeting AGEs can be placed into three broad categories: prevention of

formation or accumulation, inhibition of signalling, and remediation of downstream effects.
Therapeutics can act in multiple ways, and it is important to understand the role of AGEs within a
particular disease to enable selection of the most appropriate approach. Many inhibitors of these
signalling pathways and downstream effects are known: vitamin D (Merhi, 2019), metformin (Tanaka
et al., 1999), antioxidants (Thieme et al., 2016), and statins including pravastatin (Ishibashi et al.,
2012). For a review of anti-AGEs compounds, see Nenna et al. (2015). Most of these have not yet been

tested in the context of early pregnancy.

1.8.6.1 Prevention of formation and accumulation
As exogenous AGEs can be consumed through diet and absorbed into the body (Koschinsky et al.,

1997), dietary intervention is a promising first-line defence against AGEs accumulation in the body.
Kellow and Savige (2013) performed a systematic review and meta-analysis of a low AGEs diet in
healthy and diabetic individuals and found limited evidence that a low AGEs diet would be beneficial
in improving inflammatory profiles and oxidative stress. A more recent meta-analysis investigated
obese individuals undertaking an AGEs restricted diet; if continued for greater than 8 weeks, weight-
loss and an improvement in leptin and adiponectin profiles were reported (Sohouli et al., 2020). Such
low AGEs diets are beneficial in improving hormonal profiles in women with PCOS. In addition to low
dietary AGEs, caloric restriction and weight-loss significantly impact serum AGEs. For example a low
fat and low calorie diet resulted in approximately 10kg weight-loss coupled with 17% reduction in
serum CML (Deo et al., 2017). While these data are promising, the effect of dietary AGEs restriction
on the reproductive tract has not yet been investigated, and further study is required to understand

the efficacy of such intervention on obese women.

To reduce the accumulated AGEs, or prevent accumulation following other therapeutic
interventions, a crosslink breaker such as Alagebrium (ALT711) can be applied. The reduction in AGEs-
related collagen crosslinking mediated by Alagebrium improved vascular stiffness in a rodent model
of diabetes (Wolffenbuttel et al., 1998), which may be beneficial for the process of endometrial
remodelling as indicated previously. Some AGEs effects on mitochondrial stress including superoxide
production, can be relieved by treatment with Alagebrium (Coughlan et al., 2007). Such AGEs-reducing

therapies may be of benefit in conjunction with dietary AGEs restriction.
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1.8.6.2 Inhibition of AGEs signalling
Once AGEs have accumulated within tissue or are elevated within the bloodstream, the next

therapeutic option is to block their signalling. As previously discussed, RAGE and TLR4 present two

major signalling pathways of AGEs ligands.

In a pig model of acute respiratory distress, intravenous application of a RAGE antagonist
peptide or recombinant soluble RAGE (acts as a decoy receptor) successfully reduced several
parameters including tissue histology and inflammation: IL1B, IL6, IL8, and TNFa were significantly
reduced by both treatments (Audard et al., 2019). These authors suggested further investigation using
small molecular antagonists such as FPS-ZM1 (used in this thesis), and highlighted that the long-term

effects of RAGE antagonism were not investigated.

Deane et al. (2012) identified FPS-ZM1 to be a highly specific RAGE antagonist which was non-
toxic to mice, and permeable across the blood-brain-barrier. It has been successful in reducing mouse
neuroinflammation and RAGE-mediated influx of amyloid beta peptides associated with Alzheimer’s
disease into the brain, and reduced proinflammatory activation of NFkB both in vitro and in vitro
(Deane et al., 2012; Shen et al., 2017). Clinical trials of RAGE antagonism as a treatment for Alzheimer’s
disease demonstrated drug safety, but mixed therapeutic efficacy (Walker et al., 2015). In the
reproductive tract, RAGE and TLR4 antagonism similarly reduced the secretion of proinflammatory
cytokines in AGEs-treated trophoblast cells in vitro (Shirasuna et al., 2016). Together this data supports
RAGE antagonism as a promising avenue for remediating AGEs induced effects. Further studies are
required on RAGE antagonist pharmacokinetics and the efficacy of this treatment on reproductive

disorders associated with obesity.

1.8.6.3 Remediation of downstream effects
The final but least favourable option in alleviating AGEs effects, is to repair or minimise cellular

damage by targeting pathways and mechanisms downstream of AGEs signalling molecules. These
include inhibition of ER stress, ROS production, and apoptosis. ER stress appears to be a significant
mediator of AGEs-induced damage. Knockout of TLR4 in mice prevented weight gain and upregulation
of ER stress and downstream signalling molecules following 18 weeks of a high fat diet (Pierre et al.,
2013). Additionally, metformin and specific antioxidants can alleviate AGEs induced cellular stress: in
trophoblast cells N-Acetyl-L-Cysteine (NAC) reduced secretion from AGEs treated trophoblast cells
(Shirasuna et al., 2016). An added benefit of metformin as a therapeutic is its potential to reduce the
de novo formation of AGEs (Tanaka et al., 1999). Further information on the therapeutics tested in
this thesis (RAGE antagonist FPS-ZM1, metformin, and antioxidants (Truong et al., 2016)) is provided
in Sections 2.3.2.4 and 4.4.1.
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1.9 Summary and conclusions
It is clear that obesity-associated AGEs within the uterine fluid microenvironment have the potential

to negatively impact the endometrium and the blastocyst on a cellular level. The elevated
concentrations of inflammatory molecules and AGEs in the ‘obese’ uterine environment may further
affect the receptivity of the endometrium and alter preimplantation blastocyst development, and
potentially placentation. These findings clearly require more comprehensive molecular investigation
to determine the potential mechanisms of action of elevated AGEs in reducing establishment and
continuation of pregnancy in an ‘obese’ uterine environment.

In obese women there is an increased loss of genetically euploid embryos (Tremellen et al.,
2017), and an increased loss of embryos derived from oocytes donated by normoweight women
(Bellver et al., 2013b, 2007). Furthermore obese women experience reduced implantation rates, and
increased numbers of pregnancy complications such as recurrent pregnancy loss (Bellver et al., 2007
DeUgarte et al., 2010; Provost et al., 2016). Thus, there is a need for further studies examining the
mechanism by which AGEs may impact these processes. Indeed AGEs are highly pro-inflammatory
moieties which are associated with poor endometrial cell function (Antoniotti et al., 2018), and poor

reproductive outcomes following assisted reproduction (Jinno et al., 2011).

Overall, there is significant evidence that elevated maternal AGEs are detrimental to fertility
and long-term offspring health. Reproductive AGEs present a novel aspect of preconception health

which provide new avenues for clinician-led counselling of obese couples wanting to conceive.

1.10 Thesis aims and hypotheses

The overall hypothesis underpinning this thesis, proposed that the detrimental effects of obesity on
establishing pregnancy in women are mediated at least in part by AGEs, providing a potential target
for new therapeutics that will mitigate AGEs-induced effects. The specific hypotheses and aims were
based on literature available at the commencement of this candidature (June 2017) but were adjusted
accordingly as research proceeded. Organoid culture was initially established in this laboratory in late
2019 and further developed here to provide a valuable mechanism of primary cell validation of

research.

1.10.1 Overall aim

To examine in the context of physiologically relevant concentrations of AGEs, preimplantation embryo
development, embryo adhesive capacity and endometrial receptivity. Further, to identify and examine
potential therapeutic interventions to remediate observed and previously published effects of AGEs

on embryo development and endometrial cell function.
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1.10.2 Specific aims

1.10.2.1 Aim 1: Examining the effect of the obese uterine environment on pre-implantation embryonic
development.
Preimplantation development was assessed within the context of AGEs levels equimolar with those

within the obese uterine cavity. This work specifically investigated:

Embryo development (morphokinetics)
Cell specification to trophectoderm or inner cell mass

Apoptosis of embryonic cells

P W bhoe

Implantation potential: blastocyst outgrowth
After characterizing the effects of AGE on preimplantation embryonic development, potential
therapeutic interventions were examined by co-culturing embryos in media containing obese levels

of AGEs and treatments targeting the cellular stress caused by AGEs, specifically:

1. Antagonism of AGEs related receptors (RAGE)
2. Metformin

3. Antioxidants (Truong et al., 2016)

1.10.2.2 Aim 2: Investigating pharmaceutical intervention to remediate the effects of AGEs on the
human endometrial environment

This aim was to replicate the previous findings within the Salamonsen laboratory that AGEs impacted
endometrial cell functions including: epithelial cell adhesion and proliferation, stromal cell
decidualisation, and trophoblast adhesion and invasion. Therapeutics outlined in aim 1 were to be

utilised to normalise these cell functions.

1.10.2.3 Aim 3: Optimisation of human endometrial epithelial organoid culture to validate the effects
of AGEs on human endometrial epithelium
Novel organoid culture systems enable long term culture of primary human endometrial epithelial

cells. This thesis aimed to determine the following:

1. Validation of our human endometrial organoid culture compared to published data and
confirmation of the retention of characteristics from donor endometrium.

2. Confirmation that epithelial cells can be retrieved from organoid culture and provide
sufficient numbers to be used in functional analysis.

3. Assessment of impact of obesity-associated AGEs on organoid-derived cell adhesion and

proliferation.
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1.10.2.4 Aim 4: Characterization of the proteins of the human adhesome and endometrial epithelial
receptome and investigation of the effects of AGEs

This work confirmed and further characterized the relative importance of novel protein biomarkers of
endometrial receptivity and embryo adhesion identified in this laboratory (Evans et al., 2020a) to
provide groundwork for future investigation in the context of obesity-associated AGEs. While beyond
the scope of this thesis, it was hypothesized that AGEs will affect endometrial receptivity and
blastocyst adhesion by altering the expression of proteins in the epithelial receptome and endometrial

adhesome. This aim was addressed by the following methods:

1. Immunolocalisation of receptome and adhesome proteins in the human endometrium
across the menstrual cycle in both fertile and infertile women.

2. Generation of spheroid-monolayer interface sections to immunolocalise adhesome
proteins and validate their presence in this model.

3. siRNA knockdown of individual proteins and assessment of spheroid adhesion, and tight

junction regulation.

Should circumstances have been normal during the final year of my candidature (2020), the expression
of validated receptome and adhesome proteins would have been investigated in the endometrium of
obese women compared to lean, and in epithelial cells co-cultured with physiologically lean and obese
concentrations of AGEs. Addition of therapeutics would have attempted to mitigate any AGEs induced
effects on the expression of receptome proteins in epithelial cells and adhesome proteins at the
maternal-fetal interface. Loss of access to fresh clinical material due to the COVID-19 pandemic, made

this impossible.

1.11 Translational impact of this research

Collectively these studies will provide critical information of the mechanisms underpinning embryo
development, endometrial receptivity and embryo implantation, and particularly how an altered
endometrial environment, characterized by high AGE levels, may detrimentally impact each of these
and how potential treatments to reduce or block AGEs actions may mitigate these negative effects.
The work aimed to generate data which may be translated to the clinic to improve fertility and

ultimately both pregnancy and offspring outcomes in women with metabolic disorders.

1.12 Necessity and significance of this study

Many papers finding a significant link between obesity and poor reproductive outcome recommend
women wishing to become pregnant adopt a “healthy lifestyle” or reduce their weight by “any means
necessary” before conception (Bellver et al., 2013b, 2007, 2003; Boots et al., 2014; DeUgarte et al.,

2010). Whilst maintenance of a healthy weight should be encouraged, and it is acknowledged that
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weight-loss improves the reproductive outcomes of obese women (Best et al., 2017; Broughton and
Moley, 2017), weight-loss as an initial and blanket prescription does not take into consideration
underlying factors that influence reproduction, and to which obese women are more prone. Dietary
action for obesity takes a long time to reduce weight and for some can be extremely difficult. With
the increasing age of first-time mothers, it is important to remember that any intervention for fertility
is fighting against the ticking of the biological clock, and therefore for an obese woman in her mid-late
30’s, therapeutic interventions for obesity-related infertility are needed to maximise the time she has
to achieve pregnancy. AGEs have a long half-life, particularly evident in the glycation of extracellular
matrix proteins, and so even after weight has been lost, they may still exert their detrimental effects
on the endometrium and the embryo, making it is critical to understand their mechanisms of action
and potential interventions. Finally, it is essential to remember that underpinning obesity there are
many physical, financial, and psychological factors which are private and specific to an individual, and
that must be respected at all times. Obesity should be treated as a condition from which a patient
suffers, the effects of which can be reduced or remediated using fertility interventions, and scientific
research performed without judgement or trivialisation.

As an increasingly large proportion of the global population suffer from obesity and obesity-
related infertility, this study has the potential to impact many people worldwide. Understanding the
mechanisms underpinning effects of obesity on embryonic development and endometrial receptivity
could lead to novel targets for fertility. By normalising altered factors within the obese endometrium,

we can improve ART outcomes for these women.
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Chapter 2: Optimisation of materials and methods

This chapter describes methods widely used in the following chapters, and those for which preliminary

experimentation and optimisation was performed.

Ethical approvals
All mouse experimentation (Chapter 3) was approved by the Ethics Committee of the University of

Melbourne (#1814430).

Ethical approval for human tissue collection (Chapters 4-6) was obtained from Institutional Ethics
Committees at Monash Health (#03066B) and Monash Surgical Private Hospital. Following detailed
explanation, written informed consent was obtained from each patient prior to tissue collection by a

research nurse.

2.1 Data representation and statistical analysis
Unless otherwise stated, all data representation and analyses were performed using GraphPad Prism

(Version 9.0), and data presented as mean * SEM. Individual dot points represent independent

replicates. P < 0.05 was considered to be statistically significant.

All data were subjected to the Shapiro-Wilks normality test before statistical analysis. Data
with three or more groups were assessed with a one-way ANOVA (normal distribution), or a Kruskal-
Wallis test (data not normally distributed) followed by appropriate post-hoc testing. Data containing
only two groups were assessed using a Student’s t-test (normal distribution) or Mann-Whitney U-test

(data not normally distributed).

Multiplex cytokine and chemokine (Luminex) analyses were conducted using a two-way
ANOVA with repeated measures. Samples below the limit of detection were assigned a value of half
the lowest detected concentration, and samples above the limit of detection assigned double the
highest detected concentration, so that statistical analysis could be performed, a method previously

reported (Fitzgerald et al., 2016).

2.2 In vitro generation of AGEs
Advanced Glycation Endproducts (AGEs) were prepared as described previously (Antoniotti et al.,

2018). In brief, 10 mg/mL human serum albumin (HSA, Sigma) in 0.2 M Na;HPO, (Sigma) buffer pH 7.5
containing 0.5 M D-glucose (Sigma) was sterile-filtered before incubation under aerobic conditions at
37°C for 3 months. Excess glucose was removed by dialysis against pH 7.5 phosphate buffered saline
(PBS) at 4°C with regular buffer changes (twice daily for 48 h), using Snakeskin™ dialysis tubing

(Thermofisher) with a high molecular weight cut off. AGEs were again sterile filtered, and endotoxins
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depleted using Detoxi-Gel™ Endotoxin Removing Resin (Thermofisher). Resultant solutions were

stored at -80°C until required.

Table 2.1: Concentration of AGEs as determined by ELISA assay. The concentration of AGEs in the
original and new preparations of AGEs-HSA. No AGEs were detected in the HSA control solutions (n.d.:
not detected).

AGEs-HSA HSA control AGEs-HSA HSA CONTROL
(original) (original) (new) (new)
Concentration 72.98 pg/mL n.d. 30.31 pg/mL n.d.

The concentration of AGEs was measured using a commercial AGEs ELISA assay (Abcam
#238539, range 0.36-100 pg/mL). The concentration of AGEs generated previously (Antoniotti et al.,
2018) and for this study were determined as per manufacturer’s instructions. All samples were
assayed in triplicate, and AGEs were not detected in the co-incubated HSA control (Table 2.1). Both
solutions of AGEs were compared using xCelligence to ensure consistency in biological effect. ECC-1
were hormonally primed in the presence of ‘lean’ and ‘obese’ concentrations of AGEs and adhesion
and proliferation assessed for a period of 48 h (Section 2.4.1.4). Pilot data indicated that newly
prepared AGEs, when applied at an equivalent concentration, elicit the same anti-adhesive and anti-
proliferative effect (approximately 40% reduction across various time points, data not shown) as the
previous batch of AGEs, thus confirming their appropriate biological activity for use. Sufficient quantity
of original AGEs-HSA was available for aim 1 (Chapter 3), with the newly prepared batch used for aims
2 and 3 at an equivalent concentration.

The concentrations used by Antoniotti et al. (2018) to represent the lean and obese uterine
fluid were 2 umol/mol lysine, and 8 umol/mol lysine respectively (herein referred to pmol). The
equivalent concentrations of the recently prepared batch of AGEs are 0.73 pg/mL and 2.9 pug/mL AGEs

respectively, the concentration of lysine was not measured in these samples.

2.3 Obesity associated AGEs and the preimplantation embryo
To examine the effects of obesity-related AGEs on preimplantation embryo development, mouse

embryos were cultured for up to five days in the presence of physiologically relevant concentrations
of AGEs prior to use in a number of experimental methodologies assessing preimplantation
development and function. Presented here is the optimisation of several techniques and the standard

protocols required. Additional methods are presented in Chapter 3.

All mouse experimentation and imaging were performed at the University of Melbourne.
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2.3.1 Standard protocols

2.3.1.1 Embryo generation

F1C57 X CBA mice (Florey Institute, University of Melbourne) were housed in a 12-hour light/dark
cycle and given food and water ad libitum. Follicular maturation in virgin 3- to 4-week-old female mice
was stimulated by administration of 5 international units (IU) of pregnant mare serum gonadotrophin
(PMSG; Intervet). To induce ovulation 48 h later, female mice were administered 5 IU human chorionic
gonadotrophin (hCG; Chorulon Intervet) before mating overnight with male mice less than one year
of age. After 21.5 h, female mice were checked for the presence of a vaginal plug as an indicator of

mating and euthanised by cervical dislocation.

Isolation of pronucleate oocytes from the oviduct ampullary region was performed under an
SMZ 1500 dissection microscope (Nikon, USA) with a heated stage (Tokai Hit, Japan) to maintain
approximate physiological temperature. Unless otherwise specified, this temperature was continued
for experimental protocols. Tubal ampullae were dissected and placed in pre-warmed G-MOPS™ Plus
media (Vitrolife) for embryo collection. In a fresh 500 pL drop of G-MOPS™ Plus, ampullae were
opened using fine forceps and embryo-cumulus cell complexes expelled into the media. 500 puL
hyaluronidase (final concentration 300 IU/mL; Sigma) was added to the G-MOPS™ Plus droplet to
remove the cumulus cells. Denuded embryos were washed in G-MOPS™ Plus three times prior to
allocation to culture treatments. Pronucleate embryos were selected on the presence of 2 pronuclei,
a tight zona pellucida, co-localised polar bodies, and the absence of degeneration. Embryos from

multiple animals were pooled to reduce variability.

Unless otherwise stated, embryos were cultured in 60 mm dishes (Falcon, Corning
LifeSciences) in groups of 10 in 20 pL G-1™ Plus droplets containing experimental treatments under
an OVOIL (Vitrolife) overlay in a 60 mm dish (Falcon, Corning LifeSciences) and incubated at 37°C under
5% 0,, 6% CO, 89% N3 in a Sanyo incubator. Embryos were cultured in G-1™ Plus medium for 48 h,
then transferred into G-2™ Plus media for a further 24 h (experiments requiring day 4 blastocysts) or

48 h (day 5 blastocysts).

2.3.1.2 Cell lineage allocation

To assess allocation of cells to the inner cell mass (ICM) or trophectoderm (TE) in blastocysts,
differential nuclear staining was performed following termination of culture on day 4 or 5,
per standard protocols (Hardy et al., 1989; Kelley and Gardner, 2016). All steps were
performed on a heated stage, and embryos were rinsed in G-MOPS™ Plus between all steps.
The zona pellucida was removed by 5-minute incubation in 0.5% Pronase (Sigma) in G-MOPS™

Plus (Vitrolife), before thorough rinsing in G-MOPS™ media. TE cells were labelled with 10%
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trinitrobenzenesulfonic acid (TNBS, Sigma), 10% polyvinyl pyrollidone (PVP, Sigma) in simple
G1 media (prepared in house). After thorough rinsing, embryos were incubated in anti-
dinitrophenyl antibody (anti-DNP, Sigma) for 10 min. TE membranes underwent complement
mediated lysis, and TE nuclei were visualised by incubation in 10 pg/mL propidium iodide
(Sigma) in guinea pig serum (Intervet). Complement reaction was observed under a
microscope and considered complete once blebbing of the membranes occurred
(approximately 30 seconds). All nuclei, including the ICM, were then visualised by immediate
transfer into 0.1 mg/mL bisbenzimide (Sigma) diluted in 10% ethanol (Sigma) and incubation
for 20 min under dark conditions. Embryos were washed in GMOPS PLUS™, mounted in 100%
glycerol (Sigma), imaged using a Nikon Eclipse TS100 inverted fluorescence microscope fitted

with a digital camera, and cells manually counted using ImageJ software (NIH).

2.3.1.3 Immunolocalisation of RAGE and TLR4
To confirm that mouse embryos express an appropriate mechanism by which to respond to AGEs, the

receptors RAGE and TLR4 were immunolocalised on the day 4 blastocyst. Embryos were grown under
standard group culture conditions in G1 PLUS™ media (Vitrolife) for 48 h before incubation in G2
PLUS™ media for a further 48 h. Embryos were washed three times in phosphate buffered saline (PBS,
Thermofisher) and fixed in 4% paraformaldehyde (PFS; Sigma) for 15 min at room temperature.
Embryos were then rinsed 3 times in phosphate buffered saline (PBS) before permeabilisation in PBS
containing 0.01% Triton X-100 for 10 min. Following rinsing, embryos were blocked in PBS containing
2.5% fish skin gelatin (Sigma), 10% goat serum, and 2% mouse serum (both Thermofisher), before a
final wash in 0.5% mouse serum and 1% Tween-20 (Blocking base; Sigma) and incubation in primary
antibody or matched isotype control overnight (1:100 RAGE (5.94 ug/mL) and 1:100 TLR4 (10 pg/mL);
both Abcam) at 4°C under humidified conditions. Embryos were rinsed 3 times in blocking base and
incubated in biotinylated goat anti-rabbit secondary antibody for 90 min at room temperature before
further rinsing and incubation for 45 min in streptavidin conjugated Alexa Fluor™ 488 (Gibco, Life
Technologies). Subsequent incubations were performed under foil to protect from light. Embryos
were further rinsed and all nuclei visualised by incubation in 0.1 mg/mL bisbenzimide for 10 min.
Embryos were thoroughly washed, mounted in 100% glycerol and imaged using a Nikon Eclipse TS-
100 inverted fluorescence microscope. Both RAGE and TLR4 showed punctate staining in the
blastocyst (Figure 2.1 A and B). At the same exposure, isotype controls showed no fluorescence.
Regrettably, isotype control images at a higher exposure were incorrectly taken and potential non-
specific staining or autofluorescence was recorded (Figure 2.1 C). Owing to an absence of an

appropriately imaged negative control, these images are not suitable for publication. Due to the low
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availability of mouse embryos, and the pronounced effect of AGEs on cell lineage allocation, further

immunofluorescence was not performed.

Figure 2.1: Immunolocalisation of RAGE and TLR4 in the mouse blastocyst. Mouse blastocysts
express both TLR4 (A, 40 ms exposure) and RAGE (B, 40 ms exposure), demonstrating a potential
mechanism by which to respond to AGEs. Isotype control (C, 300 ms exposure) showed evidence of
non-specific staining or autofluorescence at a higher exposure. Green represents target fluorescence;
grey represents nuclear staining.

2.3.2 Optimisation of protocols

2.3.2.1 Dose response of AGEs

To determine an effective dose of AGEs for a mouse experimental model, a dose response
encompassing biologically relevant concentrations of in vitro prepared AGEs (as described by
Antoniotti et al. (2018)) was performed. Embryo development was assessed by analysis of cell number
following 5 days of culture: nuclear visualisation performed by incubation in 0.1 mg/mL bisbenzimide
in the dark for 20 min. Following 5 days in culture, 8 uM AGEs mediated an approximate 20% reduction
in total cell number compared to culture in 0, 2, and 4 UM AGEs (Figure 2.2; P < 0.05). As the difference
in cell number following culture in 1 uM AGEs compared to 8 uM was approaching significance (P =
0.08), it was decided that in subsequent experiments, all doses would be utilised to elucidate the

effects of a range of physiologically relevant concentrations of AGEs.
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Figure 2.2: Obese concentrations of AGEs reduce total cell number. Mean + SEM total cell number.
Following 5 days culture in 8 uM AGEs, mouse blastocysts had significantly fewer cells than lean and
control conditions. Mean in each group is the derivative of 4 biological replicates with a minimum of
44 embryos per group. One-way ANOVA: * P<0.05vs 0, 2, and 4 uM AGEs.

2.3.2.2 Embryo developmental morphokinetics

EmbryoSlide™ Culture Dishes (Vitrolife, Sweden) were prepared by addition of 25 pL of treatment
specific G-1™ Plus media to each well, and application of a 1.5 mL OVOIL™ overlay to prevent media
evaporation. Dishes were pre-equilibrated for a minimum of four hours by incubation at 37°C under
5% 0, 6% CO,, 89% N,. Embryos were transferred into the EmbryoSlide™ and incubated in the
Embryoscope™ (Vitrolife, Sweden) time-lapse incubator. Each EmbryoSlide™ held a total of 12
embryos (1 per well). After 48 hours, embryos were transferred to an EmbryoSlide™ containing pre-
equilibrated G-2™ PLUS media with experimental conditions continued. The time taken to reach each
developmental time point was determined using EmbryoViewer software (Vitrolife, Sweden), and
normalised to the time of pronuclear fusion (tPNF). Times t2, t3, t4, t5, t6, t7, t8, t9+, tM, tSB, tB, tEB,
tHB represent time to cleavage to 2-cell, 3-cell, 4-cell, 5-cell, 6-cell, 7-cell, 8-cell, 9 or more cells (cell
borders blurring), morula (no clear cell outlines, reduced embryo volume), starting blastocyst
formation (first appearance of blastocoel), blastocyst blastocoel approximately 50% of embryo
volume), expanding blastocyst (blastocoel > 50% of embryo volume), and first evidence of blastocyst

hatching, respectively.
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Figure 2.3: AGEs precipitate in the presence of individually cultured blastocysts. 8 UM AGEs
showed steady precipitation when in the presence of individually cultured embryos. This was not
evident in lower concentrations. Precipitation began after 24 h of culture, and by 72 h, it was
difficult to identify precise timings of developmental stages. This was evident in wells across two
biologically independent replicate experiments.

Following approximately 24-36 h in culture, a dark precipitate was observed in all wells
containing 8 uM AGEs (Figure 2.3), making analysis difficult, particularly of later developmental
timepoints. This was not observed in cultures containing lower concentrations of AGEs. However,
preliminary data was obtained. Obese (8 uM) AGEs significantly increased the time taken to reach
almost all developmental time points compared to embryos cultured in the absence of AGEs (Figure
2.4 A). While developmental timings were delayed, there was no significant impact on the rate of
expansion of the blastocyst (tEB-tSB, Figure 2.4 B). Due to the potential bias caused by precipitation,

this data was not presented for publication (Chapter 3). In individual culture, preimplantation embryos
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may secrete factors which affect the stability of AGEs in media, resulting in this precipitation. Such

precipitation was not observed in other cell culture methodologies utilised in this thesis.

Embryos incubated in individual culture for developmental morphokinetics were also
subjected to differential nuclear staining to assess cellular allocation in the mouse preimplantation
blastocyst using standard protocols (Section 2.3.1.2, Figure 2.4 C). AGEs equimolar to those measured
in the uterine fluid of obese women significantly reduced the number of cells allocated to both the TE
and the ICM when individually cultured (P < 0.001). This effect on the ICM was not observed under
group culture after the same period of incubation in 8 uM AGEs (Chapter 3). In group culture, it is
possible that healthier embryos can secrete factors into the culture medium and stimulate growth of
the less healthy embryos (Lane and Gardner, 1992). In comparison, individual culture may result in
the dispersal of secreted factors with their autocrine effect being reduced (Vutyavanich et al., 2011),
making these embryos more sensitive to stimuli. This may explain why this phenomenon is only
evident in individually cultured blastocysts. This method of differential nuclear staining was
subsequently applied only to group cultured blastocysts following 4 or 5 days in culture in

physiologically relevant concentrations of AGEs.

48



Chapter 2: Materials & Methods

A mm Control Bl Lean mm Obese

100

80- . ,—
_ o B
£ 604 .
é KKk ,_|
o o *okok ok ok ok ok - ,_i|
€ 40 R S
IETE

[ [
20
0_

tPNf t2 t3 t4 t5 t6 t7 t8 t9+ tM tSB tB tEB tHB

B C
8 150
<
S 67 .
g 8 100+ Fokkk
g 4 g Fkkk
B £ -
‘S °© i
o 2 o %0
g *k
L _
0- 0-
Control Lean Obese Total TE ICM

Figure 2.4: Obese concentrations of AGEs affect preimplantation embryo developmental
morphokinetics and cell number. Embryos were cultured individually in AGEs equimolar to that in
lean (pink, 1-2 uM) and obese (green, 8uM) uterine fluid. Black represents untreated control
conditions. Embryos cultured in obese (8 uM) concentrations of AGEs were significantly delayed in
reaching all developmental milestones (A). The time taken for blastocyst expansion was not
significantly affected (B). Obese concentrations of AGEs reduced the total number of cells in the
blastocyst (C), an effect seen in both the TE and ICM. For each, mean and SEM are derived from 2
biologically independent replicates, with the exception TE and ICM staining which are derived from
one replicate with a minimum of 23 embryos per group. One-way ANOVA/Kruskal-Wallis: *, **, ***,
**** P<0.5,0.1,0.01, 0.001 compared to control, or bracketed group.

2.3.2.3 Blastocyst outgrowth

Following the observation that AGEs appeared to precipitate in solution following individual embryo
culture, it was considered this may obscure cell borders and hinder the measurement of embryo
outgrowths as these are also cultured individually. To mitigate this, cell borders were fluorescently

visualised in a pilot trial (Figure 2.5). Following outgrowth on BSA and fibronectin coated plates for 96
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h (Binder et al., 2015), blastocysts were fixed in 4% PFA for 15 min and stored at 4°C under 0.4% PFA
overnight in a humidified chamber. Wells were rinsed 3x with PBS and incubated with 50 pL CellMask
(1:2000, Thermofisher) for 45 min at room temperature. Following PBS rinsing, nuclei were visualised
with bis-benzimide (Thermofisher; 5 ug/mL in PBS) for 2 min at room temperature. Outgrowths were
visualised using a Nikon Ti-U Eclipse inverted fluorescence microscope with a heated stage fitted with
a digital camera. Images were obtained using NIS Elements BR 3.00, SP7 imaging software (Nikon,
Figure 2.5). This process resulted in loss of some blastocysts from wells. Following the first
experimental replicate, it was decided that standard outgrowth measurements would be appropriate

as precipitation was not noted.

Figure 2.5: Fluorescently labelled blastocyst outgrowth. Cell membranes of outgrowing blastocysts
were fluorescently labelled in an attempt to more easily determine the outgrowth area. Scale bar
represents 10 um.

2.3.2.4 Optimisation of therapeutic intervention

Embryos were to be incubated in a variety of potential therapeutics in an effort to remediate the
effects of obese concentrations of AGEs. To determine the appropriate therapeutic dose of the RAGE
antagonist FPS-ZM1 (Tocris), and Metformin (Sigma), a dose response in the presence of 8 uM AGEs
was performed for each therapeutic. The use and optimal dose of antioxidants had previously been
optimised for mouse embryo culture (Truong et al., 2016).

2.3.2.4.1 FPS-ZM1: RAGE antagonist

RAGE is a major mediator of AGEs induced damage, promoting an inflammatory response once
activated (Ott et al., 2014). FPS-ZM1 is a specific antagonist against RAGE (Deane et al., 2012; Shen et
al., 2017), and was selected to prevent signalling of AGEs through this receptor and hence mitigate

AGEs detrimental effects. The RAGE antagonist FPS-ZM1 has previously been used in the context of
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primary rat microglial cells, applied at a concentration of 25 nM (Shen et al., 2017). Doses trialled here

were 12.5, 25, and 50 nM FPS-ZM1.

Following culture in 8 uM AGEs supplemented with increasing doses of FPS-ZM1, embryos
were subjected to differential nuclear staining (Figure 2.6 A). 12.5 nM FPS-ZM1 was selected as the
therapeutic dose as this concentration mediated a significant increase in TE cell number compared to
embryos cultured in 8 uM AGEs alone (P = 0.02), but no significant effect on the ICM was observed (P
= 0.7). Total cell number was not significantly increased in embryos treated with 12.5 nM FPS-ZM1 (P
=0.058).

The optimal concentration of FPS-ZM1 was redetermined in the context of cell culture in later

experiments (Section 2.4.2.2).

2.3.2.4.2 Metformin
The oral anti-diabetic drug metformin has a significant positive impact on reproduction, increasing

the ongoing pregnancy rate for women undergoing a repeated course of IVF, and reducing the risk of
early pregnancy loss in women with PCOS (Al-Biate, 2015; Jakubowicz et al., 2014; Jinno et al., 2010).
Metformin can reverse the negative effects of AGEs on osteoblastic cells, specifically oxidative stress
and cell death (Schurman et al., 2008), while in aortic endothelial cells it reduces RAGE expression
(Ouslimani et al., 2007). Metformin (1 - 10 uM) applied to bovine oocytes and preimplantation
embryos had no effect on embryo formation from cumulus cell oocyte complexes, but reduced
embryo development past the 2 and 8 cell stage (Hong et al., 2009; Pikiou et al., 2013). In contrast,
Hong et al. (2009) showed no significant effect of 10 uM metformin on bovine embryo development
to 8 or 16 cells versus control. Mouse embryos from a genetic model of obesity, had improved
reproductive outcomes and blastocyst metabolism when treated with the much higher dose of 25
pg/mL (0.19 mM) metformin (Louden et al., 2014). At 6 mM, metformin increased glucose uptake and
expression of glucose transporter proteins of gestational day 8.5 mouse embryos following 12 hours
of culture (Smoak, 1999). Together these data suggest metformin may be a promising therapeutic to

remediate the negative effects of AGEs on mouse embryo preimplantation development.

In my preliminary testing, the dose range of Pikiou et al., (2013) was modified for mouse
embryos, and doses of 0.01 nM, 0.1 nM, 1 nM, 0.1 uM, and 1 uM were trialled. 0.1 nM metformin
significantly increased all cell parameters investigated when embryos were co-cultured in 8 uM AGEs,
compared to AGEs alone (Figure 2.6 B). This was selected as the therapeutic dose. The therapeutic
concentration of metformin was reoptimized for cell culture using a dose range in accord with

previous literature (Section 2.4.2.2).
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2.3.2.4.3 Antioxidants
Antioxidants are beneficial to preimplantation embryo culture to mitigate oxidative stress (Truong et

al., 2016; Truong and Gardner, 2017). The antioxidants contained in this cocktail, namely 10 uM N-
acetyl-L-cystine, 10 uM N-acetyl-L-carnitine, and 5 UM a-lipoic acid, exhibit beneficial effects against
AGEs with regards to endoplasmic reticulum stress, the production of reactive oxygen species, and
apoptosis (Loske et al., 1998; Thieme et al., 2016; Wang et al., 2016), and can reduce the in vitro
formation of AGEs (Ghelani et al., 2018). Thus antioxidants were adopted for use in these studies at

concentrations previously optimised for embryo culture (Truong et al., 2016).
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Figure 2.6: Optimisation of therapeutic intervention to remediate the effects of obese
concentrations of AGEs on preimplantation embryo cell number. Mean + SEM cell number of total
blastocyst, trophectoderm (TE), and inner cell mass (ICM) of embryos cultured in AGEs and
therapeutics. To determine the optimum therapeutic dose, embryos were cultured in the presence of
AGEs either alone or with FPS-ZM1 (12.5-50 nM) or metformin (0.01-1000 nM). A) Embryos cultured
in 8 UM AGEs supplemented with 12.5 nM FPS-ZM1 had significantly improved trophectoderm (TE)
cell number compared to 8 UM AGEs alone. Mean (+ SEM) derived from 39 (total cell number) or 8
embryos per group (TE and ICM). B) Embryos cultured in 8 uM AGEs supplemented with 0.1 nM
metformin had significantly increased total and TE cell number compared to 8 uM AGEs alone. Mean
(x SEM) is derived from a minimum of 34 embryos per group for all. 12.5 nM FPS-ZM1 and 0.1 nM
metformin were selected as the therapeutic doses. One-way ANOVA: * P < 0.05; **** P < 0.0001
versus control.
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2.4 AGEs and the uterine environment

2.4.1 Standard protocols

2.4.1.1 Generic cell culture
Unless otherwise stated, all cell culture was performed under sterile conditions in a biosafety cabinet,

and cells incubated in a humid environment at 37° under 5% CO; in air.

2.4.1.1.1 Cell lines

ECC-1 (American Type Culture Collection) and Ishikawa cells (kindly gifted to Professor Nie by
Professor Masato Nishida of National Hospital Organization, Kasumigaura Medical Center, Ibaraki-ken,
Japan) were used as a model of the human endometrial epithelium. Cells were routinely maintained
in 75 cm? Nunc EasyFlasks (Corning), in basal medium containing appropriate supplementation (Table
2.2), with media replenished every 2-3 days. Once cells were approximately 80-90% confluent, they
were passaged by twice rinsing with PBS and incubation in 2 mL of TrypLE Express dissociation solution
(Gibco, Thermofisher) at 37 °C until cells were lifting from the base of the flask. The enzymatic reaction
was quenched with 5 volumes of basal medium with appropriate supplementation, and cells
thoroughly resuspended by repetitive pipetting. Cells were then seeded in fresh culture flasks (1:10
dilution for routine maintenance), seeded for experimentation, or cryopreserved (Section 2.4.1.1.3).
The first trimester extravillous trophoblast cell line HTR8/SVneo was routinely maintained in the same

manner as the epithelial cell lines. Characteristics of these cell lines are detailed in Hannan et al (2010).

Table 2.2: Standard culture media for maintenance of cell types used in this research. Basal medium
and general supplementation for each cell type for general culture. Supplementation altered if
necessary, according to experimental design. Supplementation with fetal calf serum (FCS), Glutamakx,
and antibiotic/antimycotic (Ab/Am) was performed as % vol/vol.

Cell type Basal medium Supplementation
ECC-1 DMEM/F-12 Glutamax 10% FCS (Bovogen), 1% Ab/Am
(Gibco) (Gibco, Thermofisher)

Ishikawa MEM (Gibco) 10% FCS, 1% Glutamax (Gibco), 1%
Ab/Am

Primary human endometrial A DMEM/F-12 Glutamax 10% FCS, 1% Ab/Am

epithelial cells

Primary human endometrial | DMEM/F-12 Glutamax 10% charcoal stripped FCS (Gibco),

stromal cells 1% Ab/Am

HTR8/SVneo DMEM/F-12 Glutamax 10% FCS, 1% Ab/Am

L2-TSC DMEM/F-12 Glutamax 10% FCS, 1% Ab/Am, 10 nM
SB41352 (Tocris) + 10 ng/mL bFGF
(R&D systems)

53



Chapter 2: Materials & Methods

2.4.1.1.2 Trophectoderm cell culture
The trophoblast stem cell line (kind gift of Professor Susan Fisher, University of California San

Francisco) termed L2-TSC (Zdravkovic et al., 2015), were routinely maintained in 25 cm? Nunc
EasyFlasks (Corning), with media changes every 2-3 days. Flasks were coated in sterile 0.5% Type B
gelatin in H,0 (Sigma Aldrich) for 30 min prior to use. Once cells were approximately 80% confluent,
they were passaged (1:2 dilution for routine maintenance), seeded for experimental use, or

cryopreserved (Section 2.4.1.1.3).

2.4.1.1.3 Cryopreservation
For cryopreservation, cells were pelleted by centrifugation at 300 RCF for 5 min, and resuspended in

90% FCS, 10% DMSO at approximately 1 x 10° cells per mL. One mL of cells was transferred to a cryovial
(Corning), and brought to -80°C at a rate of -1°C/min (CoolCell, Biocision), before storage in vapour
phase liquid nitrogen.

2.4.1.2 Isolation and culture of primary human endometrial epithelial and stromal cells

Human endometrial biopsies were obtained, and isolated cells cultured blind to the fertility history of
the subject. Biopsies were fixed in 10% neutral buffered formalin (NBF; Trajan) and preserved in
paraffin wax for immunohistochemical investigation (Section 2.5.1.1), or stored in DMEM containing
1% Antibiotic-Antimyotic (Ab/Am, Invitrogen) at 4°C for cell isolation. Within 24 h of collection, tissue
was finely scissor minced and digested in the presence of 7.5 IU/mL of Collagenase Ill (Thermofisher)
and 25 pg/mL DNAse | (Roche) at 37°C under agitation for a total of 45 min. The enzymatic reactions
were quenched by addition of 5 volumes of warm serum free DMEM, and solution passed through a
45 um nylon mesh filter (Allied Filter Fabrics). The retained glandular fragments were rinsed off the
45 um filter and pelleted to give the epithelial fraction. The human endometrial epithelial cells (HEECs)
were seeded evenly in a 24 well plate and maintained in DMEM/F-12 GlutaMax + 1% Ab/Am + 10%
FCS (Bovogen). The filtrate was passed through an 11 pm nylon mesh filter (Allied filter fabrics) to
purify the stromal cell fraction. Stromal cells were pelleted by centrifugation at 300 RCF for 5 min,
thoroughly resuspended in DMEM F/12 Glutamax + 10% charcoal stripped FCS (csFCS, Gibco Life
technologies) + 1% Ab/Am, seeded into a 25 cm? Nunc EasyFlask and allowed to settle for 30 min.
Medium was transferred to a secondary flask, and media replenished in the primary flask. Following

1 h incubation, the medium was exchanged on the secondary flask.

2.4.1.3 Decidualisation of primary human endometrial stromal cells
Isolated primary human endometrial stromal cells were grown to confluence in a 25 cm? Nunc

EasyFlask with regular media changes. Preparations were visually assessed for purity (<5% epithelial
cell contamination) before use. Stromal cells were lifted from the base of the flask using TrypLE

express dissociation reagent, and seeded evenly in 12 well plates (approximately 1.25 x 10° cells per
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well). Cells were allowed to grow until 90% confluent before starting decidualisation treatment using
routine protocols (Evans and Salamonsen, 2014). Stromal cells were incubated for 12 days in DMEM/F-
12 Glutamax + 1% Ab/Am+ 2% csFCS + 10® M 17B-Estradiol (E, Sigma) + 10”7 medroxyprogesterone
acetate (MPA, Sigma) to mimic the physiological hormonal milieu. Media were exchanged every 2
days, with conditioned media collected on day 2 and day 12 for Prolactin analysis by Monash Health
Pathology. After culture, cells were rinsed twice with PBS and lysed in ice cold RIPA buffer (Abcam)

containing protease inhibitor cocktail lll (Roche) for subsequent protein analysis.

2.4.1.4 Real Time Cell Analysis (xCelligence)
The xCelligence system for label free, real time cell analysis (ACEA Biosciences) was used to measure

adhesion and proliferation of epithelial cells, and invasion of trophoblast cells. All data recording and

processing was performed using the RTCA data analysis software (Version 1, ACEA biosciences).

2.4.1.4.1 Adhesion and proliferation
Unless otherwise specified, endometrial epithelial cells were seeded at a density of 5 x 10° cells per

well in a 6 well plate and allowed to settle overnight. Cells were twice rinsed in PBS and deprived of
serum for 6 h, before incubation in DMEM/F-12 Glutamax containing 1% Ab/Am, 0.5% charcoal
stripped FCS (csFCS) + 10® M E for 24 h containing appropriate experimental treatments, and an
additional 24 h in 10® M E + 107 M MPA with experimental treatments continued. Each well of a 96
well E-plate (ACEA biosciences) was twice rinsed with sterile PBS and coated with 100 pL of 20 pg/mL
recombinant human Fibronectin (Sigma), diluted in serum free medium, for a minimum of 45 min
before experimental set up. Fibronectin solution was removed, and wells rinsed twice with PBS. Media
containing treatments at 2x concentration was added to each well (100 pL), and plate inserted into
xCelligence machine. Electrode connections were confirmed and a background reading taken. Pre-
treated epithelial cells were lifted from the culture plate and resuspended in serum free DMEM/F-12
Glutamax + 1% Ab/Am. An aliquot of 100 pL containing 2 x 10* viable cells was added to each well of
the E-plate and measurements of electrical impedance started immediately. Measurements were

taken every 15 s for 5 h to measure adhesion, and every 15 min for up to 72 h to measure proliferation.

2.4.1.4.2 Invasion
The trophoblast cell line, HTR8-SVneo, was seeded at a density of 5x10° cells per well in a 6 well plate

and allowed to settle overnight. Following 6 h serum starvation, cells were treated for 24 h in
DMEM/F-12 Glutamax supplemented with 0.5% csFCS + 1% Ab/Am containing AGEs equimolar to the
lean or obese uterine fluid either alone or in combination with therapeutics (Table 2.3). The upper
chamber of each well in a cell invasion and migration plate (ACEA Bioscience) was coated with 25 uL
of growth factor reduced, phenol red free Matrigel (Corning) diluted 1:10 in cold serum free DMEM/F-

12 Glutamax medium. Matrigel was allowed to set for a minimum of 30 min by incubation at 37°C. To
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the basal chamber of the plate, 160 pL of DMEM/F12 Glutamax supplemented with 1% Ab/Am and
10% FCS was added to act as a chemoattractant. Fifty puL of serum free DMEM/F-12 Glutamax + 1%
Ab/Am containing experimental treatments was added to each well of the upper chamber, and the
two chambers gently interlocked together. The plate was inserted into the machine, electrode

connections confirmed, and background readings recorded.

Pre-treated HTR8/SVneo cells were rinsed gently with serum free DMEM/F-12 +1% Ab/Am
before lifting with TrypLE express dissociation reagent. Since PBS caused premature lifting of the cells,
serum free media were used to rinse the cells before dissociation. An aliquot of 100 puL media
containing 4 x 10* viable HTRS cells with experimental treatments continued was added to the upper
chamber of the plates, and measurements of electrical impedance started immediately.

Measurements were taken every 15 min for up to 72 h to monitor cell invasion.

2.4.1.5 Western Immunoblotting
Cell samples were lysed in ice-cold RIPA buffer containing 0.001% protease inhibitor cocktail lll,

vortexed thoroughly, and clarified by centrifugation at 14,000 x g for 30 min at 4°C. Protein content
was determined using a Pierce BCA Protein Assay kit per manufacturer’s instructions (Thermofisher).
Samples were stored at -80°C prior to use. Samples were thawed on ice, and 10 pg protein denatured
in SDS sample buffer containing 0.1 M dithiothreitol (Sigma) for 5 min at 96°C. Proteins were separated
on a 4-20% SDS Mini-Protean TGX stain free gel (Bio-Rad), using Kaleidoscope precision plus protein
standards (Bio-Rad) as a marker of molecular weight. Proteins were transferred onto a polyvinylidene
fluoride (PVDF) membrane using the TransTurbo system (Bio-Rad) according to manufacturer’s
recommendations. Membranes were rinsed in Tris buffered saline containing 0.2% Tween 20 (TBS-T),
and blocked using a 5% skim milk solution in TBS-T for 30 minutes. Membranes were incubated at 4°C
overnight with the appropriate primary antibody at an optimised concentration. An appropriate
horseradish peroxide (HRP) conjugated secondary antibody was applied for 1 hour, before the
membrane was developed using ECL Clarity substrate (Bio-Rad). Bands were visualised using a
Chemidoc and analysed using Image Lab software Version 6.1 (both Bio-Rad). Antibodies were
stripped from the membrane by 30-minute incubation in Reblot Plus Strong solution (Millipore,
Sigma). After thorough washing and re-blocking in 5% skim milk, a normalisation control was
performed by probing the membrane for B-actin (HRP conjugated; Cell Signalling Technology), and
relative density calculated for each sample. Densitometry analysis was performed using Image Lab

software.
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2.4.2 Optimisation of protocols

2.4.2.1 Measurement of reactive oxygen species

Both RAGE and TLR4 signalling stimulate the production of cellular reactive oxygen species (ROS). 2’-
7’-dichlorofluorescin diacetate (DCF-DA) is a cell permeable molecule which is cleaved to highly
fluorescent DCF in the presence of ROS, and can be used to quantify the production of ROS within cells
in a plate-reader based fluorometric assay. To determine an appropriate cell density for this assay, a
titration of ECC-1 cells was seeded in technical duplicate (range 5000-60,000 cells per well), in a clear
bottomed, black walled, 96-well plate (Corning) and allowed to settle overnight. Cells were twice
rinsed in PBS before incubation in DMEM supplemented with 0.5% csFCS and 10 uM DCF-DA. Cells
were rinsed twice with PBS and stimulated with 0.03% H,0, in serum free DMEM as a positive control
for 30 min. Cells were washed twice with PBS, and the fluorescence of each well immediately
determined using an excitation wavelength of 485 nm and an emission wavelength of 535 nm, using
a ClarioStar microplate reader (BMG Labtech). To normalise DCF fluorescence to total number of cells,
wells were subsequently fixed in 4% PFA for 15 min at room temperature. Following 2 washes with
PBS, all nuclei were visualised with bis-benzimide (Thermofisher; 5 mg/mL in PBS) for 2 min at room
temperature. Following three PBS rinses, intensity of bis-benzimide was quantified using the
excitation wavelength of 352 nm and emission wavelength of 461 nm. As the fluorescent readout was
within the linear range of the titration for both DCF and bisbenzimide, 2 x 10* cells per well was

selected as the most appropriate cell density for this assay (Figure 2.7).
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Figure 2.7: DCF fluorescence is proportional to cell number and can be normalised to Hoechst
fluorescence intensity. Mean + SEM fluorescence. Mean is the derivative of 3 biological replicates.
Increasing numbers of ECC-1 show an approximately linear increase in DCF (A) and biz-benzamide
fluorescent intensity (B) at less than 50 x 103 cells per well, allowing for normalisation of ROS
production to cell number as approximated by bisbenzimide intensity.

As a test study to confirm the production of ROS by AGEs in endometrial epithelial cells, ECC-

1 were seeded at 2.5 x 103 cells per well of a 24 well plate (Corning) in basal medium, and allowed to
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settle overnight. Cells were deprived of serum for 6 hours, before hormonal priming for 24 h in the
presence of 10®M E and an additional 24 h in 107 MPA + 108 E in DMEM/F-12 Glutamax + 1% Ab/Am
+ 0.5% csFCS. Throughout hormonal priming, cells were cultured in media containing physiologically
lean (2 uM) or obese (8 uM) concentrations of AGEs. After priming, cells were trypsinised and seeded
into a clear bottom, black walled 96 well plate at a density of 2 x 10* cells per well and allowed to
settle overnight with treatments continued. ROS production was detected by application of treatment
media supplemented with 10 uM DCF-DA as above, and DCF fluorescence normalised to bis-
benzamide. No significant effect was detected (P = 0.5), thus obesity-related AGEs do not affect ROS
production in ECC-1 cells (Figure 2.8).
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Figure 2.8: AGEs may not induce ROS production in cell lines. Mean + SEM of DCF fluorescent
intensity normalised to bis-benzimide, expressed as % of control. Individual points represent
independent replicates. No significant effect of any treatment was detected (Kruskal-Wallis: P = 0.5).
8 UM AGEs do not affect ROS production in ECC-1 cells.

To visualise ROS production following hormonal priming and treatment, cells were seeded at
the same density in a Falcon® CultureSlide (Corning, USA), and allowed to settle overnight. Following
DCF-DA treatment as indicated above, nuclei were visualised with bisbenzimide, twice rinsed in PBS,

and immediately imaged using a fluorescence Olympus microscope (Figure 2.9).
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Figure 2.9: ROS visualisation using fluorescence microscopy. ECC-1 cells were hormonally primed and

stained for ROS content using DCF-DA. Visualisation showed no significant elevation of DCF
fluorescence after stimulation with 0.03% H,0,. A) Autofluorescence control, B) DCF-DA loaded,
untreated control, C) DCF-DA loaded, treated with H,O,. Scale bar represents 100 um.

Due to high variation in results and no significant effect of AGEs on ROS production, ROS
measurement was not used in later work (Chapter 4). The positive control, hydrogen peroxide, did not
elicit a consistent response in either assay, as had been anticipated. AGEs increase ROS presence in
first trimester trophoblast cells (Shirasuna et al., 2016), however, given the lack of ROS responsiveness
of the ECC1 cells to hydrogen peroxide, there can be no confidence in applying the assays in the
present context. Tert-butyryl hydrogen peroxide could be used as an alternative positive control to
determine this. Alternatively, a commercial assay such as CellROX (Thermofisher) could be used.
However, given the cost of commercial assays, and the time it would take to further optimise this
protocol, ROS production was deemed not to be a critical endpoint to be examined in this thesis, but

may be an interesting avenue for future studies.

2.4.2.2 Optimisation of therapeutic intervention for endometrial cells
Substantial and significant effects of AGEs were previously observed on the adhesion and proliferation

of ECC-1 cells (Antoniotti et al., 2018). Hence, using standard culture conditions, therapeutics targeting
the known AGEs receptors RAGE (FPS-ZM1, Torcis) and TLR4 (VIPER, Novus biologicals), metformin
(Sigma), and a cocktail of antioxidants (Truong et al., 2016) were trialled. Results of testing are shown
in Table 2.3. While AGEs did not impact ROS generation, specific antioxidants can remediate effects
of AGEs (Wang et al., 2016), and were continued in this study as they may act through a different

mechanism in AGEs treated epithelial and stromal cells.

Therapeutics optimised for preimplantation embryo culture (Section 2.3.2.4) were re-
optimised for cell culture. In addition to these, an inhibitor of TLR4 was included (Viral Inhibitor
peptide of TLR4, VIPER; Novus Biologicals) as AGEs can interact with TLR4 to increase cellular stress
(Noguchi et al., 2010; Shirasuna et al., 2016).
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Table 2.3: Concentrations of therapeutics optimised for use in reducing the effects of AGEs on the
uterine environment. A large range of concentrations of each pharmaceutical were applied to assess
their impact on viability of endometrial epithelial cells. A narrower range of concentrations was used
to optimise the therapeutic dose. Antioxidants were tested at 1 and 10 times the concentrations
previously optimised for mouse preimplantation embryo culture (Truong et al., 2016).

Optimised
Compound Viability range Optimisation range )
P y g P g concentration
FPS-ZM1 0-50 nM 12.5-50 nM 25 nM
Metformin -HCL 0-1mM 1-100 pM 100 pM
VIPER 0-40 uM Not suitable Not suitable
Antioxidants N/A 1X and 10X 1x

2.4.2.2.1 Viability of cells in the presence of therapeutics
The xCELLigence RTCA system was used to assess the viability of ECC-1 cells in the presence of selected

therapeutics to ensure these compounds were not toxic to the cells before proceeding with complete
optimisation. Three to four biologically independent replicates seeded in technical triplicate were

performed for this pilot data.

ECC-1 cells were seeded at a density of 2x10* viable cells in 100 pL of DMEM/F-12 + 1% Ab/Am
+ 1% FCS in an e-plate prepared as per Section 2.4.1.4.1. Proliferation was assessed by measuring cell
index every 15 min for up to 24 h post seeding. After 24 h, 100 uL of 1% FCS containing either vehicle
control or therapeutic at 2x concentration was added to each well (FPS-ZM1 range 0-50 nM, vehicle
DMSO; Metformin range 0-1 uM, vehicle water; VIPER range 0-40 uM, vehicle CP7) and continued
proliferation measured for 48 h. Viability was assessed by determining the continued rate of

proliferation over 12 h following compound addition (Fig. 2.10).

The viability of ECC-1 cells was not affected by either metformin or the antagonism of RAGE
using FPS-ZM1. The application of the small peptide inhibitor VIPER at or above 10 uM was cytotoxic
to ECC-1 cells, with a negative rate of proliferation following compound addition indicative of cellular
deadhesion. Thus, TLR4 signalling is likely important in ECC-1 viability and proliferation, and

consequently, this therapeutic was deemed unsuitable for use at this time.

As the antioxidants used in this study were not cytotoxic to the preimplantation embryo, they

were utilised in this thesis without additional viability studies.
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Figure 2.10: Viability of ECC-1 treated with potential therapeutics. Mean t SEM rate of proliferation
for 12 h following addition of therapeutics (n > 3 biologically independent replicates for all,
represented by individual data points). Neither FPS-ZM1 (A) nor metformin (B) affected the continued
rate of proliferation of ECC-1 cells (P = 0.24, 0.68 respectively). Inhibition of TLR4 using an inhibitory
peptide (VIPER) is cytotoxic to ECC-1 cells (P < 0.01) (C). Viability assessed as continued proliferation
following therapeutic addition at 24 h. Rate of proliferation normalised to control conditions. Negative
rate of adhesion demonstrates a reduced viability. One-way ANOVA/Kruskal-Wallis: *P < 0.05 vs
control.

2.4.2.2.2 Optimising the dose of selected therapeutics
Therapeutic doses were optimised by assessing the effect of each compound on ECC-1 cells which had

been hormonally primed in the presence of lean and obese concentrations of AGEs. ECC-1 cells were
serum starved for 8 h, and hormonally primed as previously described in the presence of lean or obese
concentrations of AGEs further supplemented with therapeutics. Treated cells were seeded at a
density of 2 x 10* cells per well in a fibronectin-coated 96 well E-plate (ACEA biosciences) with
treatments continued, and adhesion and proliferation measured for 48 h (Section 2.4.1.4.1). The rate
of adhesion (rate of change in cell index 0- 5 h), and rate of proliferation (rate of change in cell index

12-48 h) are shown in Figure 2.11.
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FPS-ZM1 (Figure 2.11 A-B) showed no significant beneficial effects on adhesion and
proliferation in the presence of obese (8 UM AGEs). Therefore, the K, of 25 nM was selected for future

use in the assumption that it may be beneficial in modulating other effects of AGEs.

Addition of 100 uM metformin (Figure 2.11 B) somewhat improved the relative cell index up
to 24 h (data not shown) but did not show significant effects on cell adhesion and proliferation. As 100
UM metformin does not reduce the proliferative capacity of endometrial cancer cells, and does not
significantly reduce glyoxalase 1, a protein involved in the detoxification of the AGE methylglyoxal
(Dong et al., 2012), 100 uM metformin was selected to investigate its effects on trophoblast invasion

and other endometrial cell functions.

As antioxidants had no effect on embryo trophectoderm cell number when exposed to obese
concentrations of AGEs, a higher concentration was also trialled. These antioxidants when applied at
10-fold higher concentrations appeared to synergise with obese concentrations of AGEs and reduced
ECC-1 cell adhesion and proliferation, whereas lower concentration antioxidants prevented the
reduction in rate of proliferation in the presence of obese AGEs (Figure 2.11 F). The previously
published cocktail containing of 10 uM N-acetyl-L-carnitine, 10 uM N-acetyl-L-cysteine, and 5 uM a-

Lipoic acid were adopted for use.
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Figure 2.11: Optimisation of pharmaceutical intervention to remediate the effects of AGEs on
endometrial epithelial cell proliferation. ECC-1 cells were hormonally primed in media containing
either lean (2uM) or obese (8 uM) AGEs alone or obese AGEs further supplemented with either
increasing doses of the RAGE antagonist (FPS-ZM1, A-B), metformin (C-D), or a combination of
antioxidants (E-F). Rate of adhesion was determined over the first 5 h of culture, and rate of
proliferation determined between 12 and 48 h. Rate of adhesion and proliferation are normalised to
lean, and data are expressed as mean + SEM. Minimum n=3 biologically independent replicates
performed, denoted by individual data points. One-Way ANOVA/Kruskal Wallis: *, ** P < 0.05, 0.01 vs
2 uM.
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2.5 Human Endometrial Epithelial Organoids as a primary model of the human

endometrium
Since the work in this thesis was commenced, new developments in human endometrial epithelial

organoid (hEEO) culture have provided an exciting possibility for validation of the effects of obesity-
related AGEs on primary endometrial epithelial cells. Presented here are the standard methodologies
and optimisation of histological techniques, required to validate and investigate the cellular nature of

hEEO.

2.5.1 Standard protocols

2.5.1.1 Immunohistochemistry
Formalin fixed, paraffin embedded endometrium was sectioned at 4 um. Tissue sections were

dewaxed in two changes of xylene and rehydrated in decreasing concentrations of ethanol before
immersion in distilled water. Sections were washed twice in TBS-T and once in TBS following each
subsequent step. Antigen retrieval was performed by boiling slides in 10 mM sodium citrate (Chem
Supply) containing 0.5% Tween 20 at pH 6.0, and an endogenous peroxidase block performed using
3% H,0; for a period of 30 min. Non-specific binding was prevented by a non-immune block for a
period of 1 hour. Antibodies were applied at an appropriate concentration following optimisation for
a minimum of 16 hours at 4°C. An appropriate biotinylated secondary antibody (Vector Labs) was
applied for 1 hour at 37°C, after which signal was amplified by application of VECTASTAIN® ABC
solution (Vector Labs) for 30 min at 37°C. Immunostaining was visualised using DAB+ liquid chromogen
substrate. Slides were dehydrated and mounted in DPX. Slides were either scanned using a VS120

Slidescanner (Olympus) or imaged using an Olympus B52 microscope fitted with a digital camera.

2.5.1.2 Multiplex analysis of chemokine and cytokine secretion
Conditioned medium was collected from hEEO: 48 h after media were replenished, prior to hormonal

priming and AGEs treatment (basal); following 24 h in the presence of E and lean or obese AGEs; and
following 24 h in the presence of E + MPA + AGEs. PBS was used as a vehicle control for AGEs-HSA.

Media were immediately stored at -80°C for later analysis.

Secretion of inflammatory factors was assessed in technical duplicate using a Luminex Bio-
Plex® 200 system (Bio-Rad) and Milliplex® MAP human cytokine/chemokine (Milliplex #HCYTOMAG-
60K) and cardiovascular disease (Milliplex #HCVD1MAG-67K) kits as per manufacturer’s

recommendations.

64



Chapter 2: Materials & Methods

2.5.2 Establishment of organoid culture

The culture of primary human endometrial epithelial cells as organoids has been extensively optimised
and validated in other laboratories (Boretto et al., 2017; Fitzgerald et al., 2019; Turco et al., 2017). As
biopsy collection and cell dissociation protocols vary between laboratories, preliminary validation
studies were performed to ensure similarities in my hEEO cultures to those described in Turco et al.,
(2017). Human endometrial epithelial cells (hEEC) were isolated as per Section 2.4.1.2, thoroughly
washed and resuspended in advanced DMEM (aDMEM; Themofisher), and pelleted by centrifugation.
hEEO were formed in 48 well plates by seeding of a predominantly single cell solution of epithelial
cells, formed by mechanical dissociation of glandular fragments, in 20 uL droplets of growth factor-
reduced, phenol red-free Matrigel (Corning) and covered in 250 uL organoid expansion media (ExM,
Table 2.4) as previously detailed (Turco et al., 2017). Proliferation of epithelial cells over approximately
one week resulted in the formation of hEEO: hollow spherical structures with highly defined cell
boundaries (Fig. 2.12 A). Matrigel droplets contained organoids in a heterogenous array of sizes and
polarization (Fig 2.12 B), and hEEO appeared to bud off from each other as they proliferated (Fig 2.12
C). When hEEO approached confluency within the Matrigel droplet, they were passaged by mechanical
dissociation from Matrigel, rinsed twice in aDMEM, brought to a predominantly single cell suspension

by repetitive pipetting, and reseeded as described previously in additional wells.

Figure 2.12: Culture of primary hEECs as endometrial organoids. A) Isolated primary hEECs are seeded

as single cells in Matrigel, allowing the formation of organoids (hEEO). White arrow indicates a single
cell starting to form an organoid, black arrow an early hEEO, and black and white arrow indicates a
growing hEEO (10x magnification). B) After a few days of growth, hEEO show significant expansion, and
clear cell borders imply polarization of cells (black arrow), however some hEEO demonstrate
polarisation to lesser extent (white arrow, 10x magnification). C) hEEO split from each other during
growth (20x magnification).
Cryopreservation was performed by mechanical dissociation of hEEO from Matrigel, pelleting by
centrifugation at 1000 RCF for 5 minutes, and two rinses in aDMEM with gentle resuspension. hEEO

were resuspended in freezing medium containing 70% ExM, 20% FCS, and 10% DMSO and taken to -

80°C before storage in vapour phase liquid nitrogen. hEEO were thawed by two rinses in warm
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aDMEM, and organoid fragments seeded in Matrigel overlaid with ExM. Post-thawing, the ROCK1/2

inhibitor Y-27632 was included in ExM for three media changes to promote cell survival.

Table 2.4: Components of organoid expansion media. ExM was prepared under sterile conditions in
Advanced DMEM and sterile filtered before use. Y-27632 was only included in ExM for the first three
media changes after thawing of hEEO.

Reagent Supplier Concentration
GlutaMAX Invitrogen 2 mM
N2 Supplement Invitrogen 1X
B27 Supplement (without vitamin A) | Invitrogen 1X
Primocin Invivogen 100 pg/mL
N-Acetyl-L-Cysteine Sigma 1.25mM
Recombinant human EGF Peprotech 100 ng/mL
Recombinant human Noggin Sinus Biologicals 100 ng/mL
Recombinant human FGF-10 Sinus Biologicals 100 ng/mL
Recombinant human HGF Sinus Biologicals 50 ng/mL
A83-01 Stem cell technologies | 500 nM
Nicotinamide Sigma 10 mM
Recombinant human Rspondin-1 Sinus Biologicals 500 ng/mL
Y-27632 (post-thaw only) Stem cell technologies | 10 uM

2.5.2.1 Histological examination of human endometrial epithelial organoids
Six confluent wells of hEEO were disaggregated from Matrigel, centrifuged at 1000 RCF for 10 min,

washed twice in PBS, and transferred to a medium sized cryomould (TissueTek), with 5% agar (%
wt/vol; Sigma) overlaid. Once set, the agar plug was fixed in 10% NBF for 24 h and processed through

to paraffin wax.

Unpublished work in the Salamonsen laboratory demonstrates that extensive hormonal
priming of hEEO within an extracellular matrix results in a highly polarised and ciliated phenotype of
the endometrial epithelial cells containing basally located nuclei, with proliferation indicated by the

presence of mitoses. Furthermore, expression of the progesterone receptor was noted following
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hormonal priming (Figure 2.13). This is in concordance with experiments reported by Turco et al.

(2017).
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Figure 2.13: hEEO contain proliferating cells and hormonal stimulation promotes progesterone
receptor expression. A) Organoids tend to grow close to each other in culture due to their ability to
bud off from each other. B) Mitoses (black arrow) indicate proliferation of epithelial cells in hEEOs.
The cuboidal shape, evidence of apical cilia, and basal location of the nuclei suggests polarisation of
epithelial cells. Progesterone receptor was immunolocalised to nuclei following hormonal priming (C).
Scale bars represent 100 um (A, C) and 50 um (B). Experiments performed by Dr Jemma Evans.

2.5.2.2 Characterisation of secretions

Initial H&E staining indicated that hEEOs maintained their secretory nature, with a pink stain
appearing in the organoid lumen, and it was considered these may be mucin secretions. Routine
protocols for alcian blue (AB), periodic-acid-schiff (PAS), and a combination of the two (PAS/AB) were
trialled to examine the contributions of acid and neutral secretions. Prior literature demonstrates that

hEEO secretions increase with hormonal priming (Boretto et al., 2017; Turco et al., 2017); this was not

further examined here.

Individually, each stain indicated significant secretions from both the uterine glands in tissue
sections and hEEOs (Figure 2.14). The organoids exhibit reduced staining intensity compared to
endometrial glands; as the epithelial cells are dissociated and thoroughly rinsed with each passage of

hEEO, accumulation of secretions will be less than in intact endometrium.
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Donor endometrium Organoids Positive Control

Figure 2.14: Secretion identification in human secretory endometrium and donor-matched
organoids. Acidic and neutral mucin secretions are identified by AB and PAS staining respectively in
the secretory endometrium and donor-matched organoids. The endometrium shows acidic (AB) and
neutral (PAS) mucin secretion into the lumen of the gland, maintained in organoid culture. Highest
identification of secretions was identified by PAS/AB. Mouse colon was used as a positive control for
each stain. Scale bars represent 50 uM.

Neutral mucins and polysaccharides were identified by PAS* staining in the extracellular matrix
and are localised to the apical and basal regions of luminal and glandular epithelial cells in tissue
sections. Some glandular secretions are also PAS* (pink). hEEOs derived from the same tissue also
exhibit PAS* staining. Residual Matrigel in the organoid pellet is also positively identified with this
stain. AB* staining was evident strongly in glandular and hEEO secretions indicating the presence of
acidic mucins. As both secretions were evident, the combination stain of PAS/AB was elected for

further use.
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2.5.2.3 Immunohistochemical staining

Immunohistochemistry (Section 2.5.1.1) was utilised to validate characteristics of these hEEO as
similar to those described in previous literature. The tested conditions for each antibody are detailed
in Table 2.5 with optimised antibody dilutions identified in bold. Full immunohistochemical validation

and characterisation and investigation is presented in Chapter 5.

2.5.2.3.1 A note on the immunolocalisation of cytokeratin

Clear and specific staining was identified for pan-cytokeratin, KRT7, and KRT13 using the conditions
listed in Table 2.5. KRT13 has been previously reported as a marker of endometrial luminal epithelium
(Mo et al., 2006), however the antibody trialled here was unable to discriminate between these types
of epithelium and the optimisation of an additional antibody was beyond the scope of this thesis. KRT7

was selected for use in this thesis to align with previous validation studies on hEEO (Turco et al., 2017).

Table 2.5: Optimised IHC conditions for hEEO validation. Summary of optimisation and optimised
staining conditions for each protein. All immunohistochemistry was performed following citrate
antigen retrieval. Optimised antibody dilutions identified in bold. Staining of the glandular and luminal
epithelium (GE, LE) and endometrial stroma are denoted as present (+) or strong (++). (-): no significant
staining was noted.

. . Primary
Protein Prlfnary Block_mg antibody Staining Notes
antibody solution .
dilution
Overstaining of
the
endometrium. .
. Manufacturer's
1:100 Signal .
. . recommendation.
Rabbit-a- detection in
ERa 10% Goat serum the isotvbe
ERa 2% Human P
(Santa cruz) serum control.
0.2 L
mg/m Nuclearand 1 4.1 399 gilution
cytoplasmic selected as
1:1000 staining. GE (+), .
optimised
LE (+), Stroma .,
condition.
(++)
Dilution
Mouse-a-PR | 10% Horse Nu‘cl<‘ear !:)rev!ously used
Progesterone staining. GE (-), | in this laboratory.
(Novocastra) | serum 2% 1:100
receptor LE (-), stroma No further
0.36 mg/mL | Human serum S
(++). optimisation
required
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e o | Ot |10 | Ny | 2000t
PCNA serum 2% 1:1000, & e
Cruz) Human serum 1:2000 (++) LE (+), optimised
0.2 mg/mlL ) Stroma (++). condition.
Overstaining of
the
endometrium.
_ 1:50 Signal
. y 2% Human the isotype
cytokeratin (Dako) control
10.7 mg/mt | 5™ :
’ . 1:2000 dilution
Cytoplasmic selected as
1:2000 staining. GE .
(++), LE (+4) optimised
’ ) condition.
Mouse-o- 10% Horse 1?886 Cytoplasmic :j;)gg:!ztlon
Cytokeratin 7 | KRT7 (Dako) | serum 2% ' " | staining. GE .
0.5 mg/mL Human serum 1:2000, (++), LE (++) optimised
’ 1:4000 ’ ) condition.
Cytoplasmic
Mouse-a- o 1:50, i
Cytokeratin KRT13 10% Horse 1:100, and some Not‘specmc to
serum 2% nuclear luminal
13 (Santa Cruz) Human serum 1:200, staining. GE (+), | epithelium
0.2 mg/mL 1:400 & »| P :
LE (+).
Rabbit-a- 10% Goat serum . .
RAGE 2% Human 1:100 S'?'t‘;ii‘i’r']de”t z)sre:n'qlfzaﬁter 3
(Abcam) serum & yoir.
Reported in
RAGE Mouse-a- Antoniotti et al.
10% Horse (2018, this
RAGE (Santa serum 2% 1:1000 GE (+), LE (+), laboratory). No
Cruz) stroma (+).
0.2 mg/ml Human serum further
’ optimisation
required.
Rabbit-a- 10% Goat serum 1:100, GE (++), LE 1:1000 dilution
TLR4 TLR4 2% Human 1:250, (++), stroma selected as
(Abcam) se:um 1:500, (++)’ optimised
1mg/mL 1:1000 ) condition.
1:10,000
. reported in
Mouse-a- 0 Cytoplasmic -
CML (Santa 10% Horse 1:1000, | staining. GE (+), Antoniotti et al.
CML serum 2% (2018).
Cruz) 1:10,000 | LE (+), stroma .
Human serum Confirmed as
0.25 mg/mL (++). o
optimised

concentration.
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2.6 The human adhesome and receptome

Work initiated by my supervisor, Dr Jemma Evans, had proteomically defined a number of proteins
specific to the human adhesome and receptome (Evans et al., 2020a). One of my major aims had been
to validate and further investigate these findings. However, given the success of the other aims of my
work related to obesity-associated AGEs, and Dr Evans leaving the Hudson Institute, along with the
loss of experimental time due to COVID19, this work was given a lower priority and was not completed.

The extensive methodology development is detailed here.

2.6.1 Standard methodologies

2.6.1.1 Spheroid adhesion assay

Trophectoderm cell (Zdravkovic et al., 2015) spheroids were used to investigate adhesion to ECC1 cells
as previously reported (Evans et al., 2020b). ECC-1 cells were seeded at a density of 2.5 x 10° cells per
well in a 12 well plate and allowed to settle overnight. L2TSC (routinely maintained as per Section
2.4.1.1.2) were seeded at a density of 2.5 x 103 cell per well in an ultralow adhesion, round bottom
well 96 well plate (Corning), in a total of 150 pL of media (Table 2.2). Spheroids were allowed to form
over a period of 48 h while ECC-1 cells were simultaneously hormonally primed. Spheroids were
inspected visually, and those which had not formed compact spheroids (<5%) excluded from
experimental use. Thirty spheroids per treatment group were removed from the 96 well plate using a
1 mL wide bore pipette tip (Axygen) to prevent damage, and centrifuged at 300 RCF for 5 min.
Supernatant was removed and spheroids washed twice in PBS. Spheroids were gently resuspended in
DMEM + 1% FCS + 1% Ab/Am containing 107 M E and 10® M MPA. Hormonally primed ECC-1 cells
were twice rinsed in PBS and spheroids placed in the wells. Spheroids were allowed to adhere for a

period of 6 hours before gentle washing with PBS. Adherent spheroids were expressed as % adhered.

2.6.1.2 siRNA knockdown
ECC-1 cells were seeded per standard protocols at 2 x 10° cells per well in a 12 well plate for siRNA

knockdown, allowed to settle overnight, and rinsed twice in PBS before application of siRNA. For each
target, 4 uL of 10 uM siRNA (all Santa Cruz, Table 2.6) and 4 pL lipofectamine RNAIMAX (Thermofisher)
were equilibrated at room temperature in 100 pL OptiMEM (Thermofisher) for 5 min before
combination and incubation for a further 30 min. siRNA solutions were made to 1 mL and applied to
ECC-1 cells. After 24 hours of incubation at 37°C, medium was replaced with Ab/Am free DMEM/F-12
+ 10% FCS for a further 48 hours. Individually, siRNA knockdown was performed for each of PC4,
LGMN, KYNU, STMN1, SLIRP, PTGS2, and SERPINE1. Scramble siRNA was used as a control (Table 2.6).
Control and knockdown cells were then subject to hormonal priming for transepithelial resistance

(Section 2.6.1.3) or spheroid adhesion assay: 6 h in serum free DMEM/F-12 + 1% Ab/Am; 20 h
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incubation in 107 M E; 20 h incubation in 107 M E + 10 M MPA both in DMEM/F-12 + 1% Ab/Am +
0.5% csFCS.

Table 2.6: siRNA information. Target and catalogue information for each siRNA used. All sourced
from Santa Cruz.

Target Catalogue number
PC4 sc-106359
KYNU sc-95023
LGMN sc-60930
STMN1 sc-36127
SLIRP sc-92406
SERPINE1 sc-36179
PTGS2 sc-29279
Scrambled sc-37007

2.6.1.3 Transepithelial resistance
ECC-1 cells were seeded in 12 well plate 0.4 um transwell inserts (Corning) at 1.5 x 10° viable cells per

well in basal medium, and underwent siRNA knockdown as above. Cells were hormonally primed, and
transepithelial resistance measured using Millicell® electrical resistance system (Merk) after: 6 h in
serum free DMEM/ F-12 + 1% Ab/Am; 24 h incubation in 107 M E; and again after 24 h incubation in
107 M E + 10® M MPA both in DMEM/F-12 + 1% Ab/Am + 0.5% csFCS.

2.6.1.4 Validation of siRNA by quantitative PCR

2.6.1.4.1 RNA extraction
Following siRNA knockdown, cells were rinsed twice in PBS and lifted from the base of the plate using

TrypLE express. When cells were visually confirmed to be lifting from the base of the plate, the
reaction was quenched using 5 volumes of ice-cold PBS. Cells were pelleted by centrifugation at 300
RCF for 5 min. Supernatant was removed and pellet snap frozen on dry ice. Cells were immediately
stored at -80°C until RNA extraction using the RNEasy Mini Kit (Qiagen) as per manufacturer’s
instructions. Contaminant DNA was removed using an on column DNAse treatment (Qiagen) during
RNA extraction. RNA was solubilised in 30 uL RNAse free water, and concentration determined using

a Nanodrop ND-1000 spectrophotometer (Thermofisher). RNA stored at -80°C until further use.

2.6.1.4.2 cDNA synthesis
Complementary DNA (cDNA) was generated using the SuperScript Il synthesis system (Thermofisher)

as per manufacturer’s instructions from 500 ng sample RNA using random hexamer primers. A Veriti
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PCR machine (Applied Bioscience, Thermofisher) was used for thermal cycling. cDNA stored at -20°C

until further use.

2.6.1.4.3 PCR
Relative mRNA levels of specific adhesome and receptome proteins were determined using PCR.

Amplification of 25 ng cDNA was performed using 500 nM each of pre-designed forward and reverse
primers (Table 2.7; KiCqStart™, Sigma Aldrich). PowerSYBR Green mastermix (Applied Bioscience,
Thermofisher) and primers were added to each well, with cDNA. Nuclease free water was used to
adjust reaction volume to 10 uL. Reactions were performed in technical triplicate and analysed using
the Quant studio™ Real Time PCR software version 1.7.1 (Applied Biosystems, Thermofisher). Relative
expression was calculated using the 222" method using RPL19 as a housekeeper, and data normalised

to scramble siRNA control.

Table 2.7: Primer sequences. Sequences of predesigned KiCgStart™ primers used in the validation of
siRNA knockdown by qPCR.

Target Direction | Primer sequence (5'-3')
Forward | TTCAGATTGGGAAAATGAGG
Pea Reverse TGTCAGAAATCTGTTCCTTC
Forward | AACTCTACTTACATGACTGGG
KYNU Reverse | ACTGCAGTTTGTTATCCATC
Forward | ACTATGATGAGAAGAGGTCC
LGMN Reverse | GGTGGAGATTGTTTTGTTTC
STMNL Forward | AGATGTACTTCTGGACTCAC
Reverse | GATCAGACCAGGTAATCAATG
Forward | GCGTAGAAGTATCAATCAGC
>HIRP Reverse | CTTCTGAAGAAAACTGAACCC
SERPINEL Forward | ATCCACAGCTGTCATAGTC
Reverse | CACTTGGCCCATGAAAAG
Forward | AAGCAAGGCTAATACTGATAGG
PTGS2 Reverse | TGTTGAAAAGTAGTTCTGGG
Forward | CAGAAGATACCGTGAATCTAAG
RPLLS Reverse TGTTTTTGAACACATTCCCC

2.6.2 Optimisation of protocols

2.6.2.1 Generation of spheroid-epithelium interfaces
The work in this thesis required preservation of spheroid-epithelium interfaces as previously

developed in this laboratory (Evans et al., 2020b, 2020a; Kinnear et al., 2019). However, this process

has been difficult to replicate for the immunolocalisation of adhesome proteins. | had previously
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attempted culturing endometrial epithelial cells on a Matrigel coated, sectionable coverslip
(Thermanox), and separately on a thin layer of collagen type | (Sigma). However, there were
inconsistencies in the transfer of the monolayer to the agar plug into which the adhesive co-culture
was embedded, and H&E staining revealed no spheroid-epithelium interfaces. Other issues with this
model lay in the coverslip itself, occasionally coming loose and falling away during fixation of the agar
plug in formalin, or during processing of the agar plug for paraffin embedding. After embedding, it is
possible for the coverslip to shift during microtomy, leading to potential disruptions of the spheroid-

epithelium interface, and other limitations of this model.

To improve this process, ECC-1 cells were seeded on a gel-like structure encased in a trans-
well insert. This allowed removal of the insert membrane and preservation of the gel within an agar
plug, ensuring that no shear stress was applied to the monolayer. For the model to be most biologically
representative, a 3D co-gel model developed by a previous PhD student (Harriet Fitzgerald) in the
Salamonsen laboratory was adapted (Appendix 2). This model uses fibrinogen, thrombin, and collagen

type | to mimic the extracellular matrix of the human endometrium.

In short, fibrinogen, thrombin, and collagen are combined in the presence of CaCl, and
protease inhibitors and allowed to set at 37°C for approximately one hour in a 12 well plate trans-well
insert. ECC-1 cells were seeded on the co-gel in media containing protease inhibitors, and allowed to
settle overnight. As previously described, a spheroid adhesion assay was performed on the co-culture
(Section 2.6.1.1). Simultaneously, an adhesive co-culture was attempted with ECC-1 cells directly
seeded onto a trans-well insert. The co-cultures were then preserved in a 5% agar solution, and the
base of the trans-well insert was cut away from the plastic insert. The entire structure was removed

and fixed in 10% NBF overnight before being processed through to paraffin wax.

1) 2) 3) 4)

*

Figure 2.20: Schematic of 3D Co-gel for generation of spheroid-epithelium interface sections. (1)

ECC-1 cells are seeded on a co-gel and hormonally primed before spheroids of trophectodermal stem
cells are allowed to adhere (2). Structure is embedded in agar (3) and removed for embedding in
paraffin wax (4).

A monolayer was successfully sectioned from ECC-1 cells seeded directly on a trans-well insert
(Figure 2.21). Haematoxylin and eosin staining of sections from ECC-1 cells grown on a co-gel matrix

indicate a poor monolayer (data not shown): it was difficult to observe the health of the monolayer
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on the co-gel during culture, and it may be that the cells were not viable or did not grow correctly.
This could be optimised by confirming the pH of the gel and attempting seeding of cells at varying

densities.

Following completion of serial sectioning of the monolayer seeded directly on the trans-well
insert, sections potentially containing spheroids have been identified (Figure 2.21). As the spheroid is
very small, adjacent slides are being examined to see if the size of the spheroid changes. To confirm
that these structures are indeed spheroids of trophectoderm cells, they could be stained for a protein
marker known to be expressed in these cells (Zdravkovic et al., 2015). If this spheroid-endometrium
interface is able to be replicated using this process, this protocol will be considered to be optimised.
Due to the time-consuming nature of this technique, other research aims were prioritised to complete

this thesis, however this technique provides an interesting avenue for future research.

Figure 2.21: Cross section of a spheroid adherent to endometrial epithelial cell monolayer. A cross
section of a presumptive spheroid of trophectoderm stem cells (S) adhered to a monolayer of
epithelial cells (M), seeded on a trans-well insert (open arrow). Perpendicular lines within the trans-
well insert are the pores which allow passage of nutrients. Scale bar represents 20 um.

2.6.2.2 Immunolocalisation of receptome and adhesome proteins

Immunohistochemistry was performed using standard protocols described in Section 2.5.1.1.
Optimisation of immunohistochemical staining for each receptome and adhesome protein
investigated in this thesis is detailed in Table 2.8. Additional antibodies optimised but not used further
include MAGT1, ACOT1, DENR, and S100A13. Due to an external data processing error independent
of the Salamonsen laboratory, DENR and MAGT1 were originally included in the upregulated proteins

of the receptome and adhesome but were later removed. ACOT1 was unable to be fully investigated
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due to time constraints. Despite extensive efforts, the immunolocalisation of STMN1 was unable to

be optimised, with trialled conditions listed in Table 2.9.

Antigen retrieval was generally performed using 10 mM sodium citrate containing 0.5% Tween 20 at
pH 6.0, some specific antibodies were trialled with 0.1 M EDTA at pH 9.5. To optimise staining, two

thermal conditions were used during antigen retrieval:

1. Standard retrieval: 5 min microwaving on medium-high, left immersed in hot buffer for 20
min.
2. Strong retrieval: 5 min microwaving on high, 3 min microwaving on medium-high, left

immersed in hot buffer for 20 min.
The temperature of primary antibody incubation was also subject to optimisation:

1. Incubation 1: 16 hat4°C
2. Incubation 2: 30 min at 37°C followed by 16 h at 4°C

Table 2.8: Optimisation of immunolocalisation of receptome and adhesome proteins in the human
endometrium. Conditions trialled are given for each protein, with optimised antibody dilutions
identified in bold. Staining of the glandular and luminal epithelium (GE, LE) and endometrial stroma
are denoted as present (+) or strong (++). If not listed, no significant staining was noted.

Primary
. Primary Antigen Blocking antibody . .
Protein antibody retrieval solution dilution + Staining Notes
incubation
Mouse-a- 0 Nuclear
PC4 (Santa Standard 10% Horse 1:250; staining No fur‘the'r
PC4 . serum 2% . optimisation
Cruz) citrate Human serum Incubation 1 | GE (++) required
0.2 mg/mL stroma (+) q ’
Mouse-a- o
SERPINEL | Standard | 070 Horse 1:100; GE (+), LE | No further
SERPINE1 . serum 2% . (++); optimisation
(Santa Cruz) | citrate Human serum Incubation 1 Stroma (+) | required
0.2 mg/mL 9 ’
Mouse-a- o
PTGS2 Standard | 107 Horse 1:100; GE, LE (+); | Limited
PTGS2 . serum 2% . .
(Santa Cruz) | citrate Incubation 1 | Stroma (+) | staining.
Human serum
0.2 mg/mL
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1:100
1:50, 1:100, GE (+4+), dilution
1:200, 1:400; | LE (+); selected as
Incubation 2 | Stroma (+) | optimised
condition.
Higher
1:250; antibody
. None .
Incubation 1 concentration
Standard to be trialled
citrate 1:50. 1:100
KMY?\luLje(Sognta 10% Horse | 1:200; None ;2:; d
KYNU Cruz) serum 2% Incubation 1 &
0.2 mg/mlL Human serum —
1:50 dilution
/ strong
Strong 1:50 citrate
citrate Incubation 2 GE (+) selected as
optimised
condition.
Mouse-a-
LGMN Standard | 0% Horse 1:250; GE (++), | NOfurther
LGMN . serum 2% . optimisation
(Santa Cruz) | citrate Incubation 1 | LE (++) .
Human serum required.
0.2 mg/mL
Signal
Standard 1:250; detection
citrate Incubation 1 | inisotype
Mouse-a- control
SLIRP (Santa 10% Horse 1:100 dilution
SLIRP Cruz) serum 2% :
Human serum / strong
0.2mg/mL | strong 1:100, 1:200; citrate
. . GE (+)
citrate Incubation 2 selected as
optimised
condition.
Staining
1:250; GE (+), LE | evidentin
Incubation1 | (+) one tissue
Mouse-a- only.
CDA (Santa Standard 10% Horse
CDA Cruz) citrate serum 2% . iluti
Human serum 1:200 dilution
0.2 mg/mlL 1:200; GE (+), LE | selected as
Incubation1 | (+) optimised
condition.
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Table 2.9: Optimisation of STMN1 immunolocalisation in the human endometrium. Conditions

trialled in the optimisation of STMN1. Staining of the glandular and luminal epithelium (GE, LE) and

endometrial stroma are denoted as present (+) or strong (++). If not listed, no significant staining was

noted. This antibody was unable to be fully optimised. An alternative antibody could be tested.

Primary
. Primary Antigen . . antibody . .
Protein antibody | retrieval Blocking solution dilution + Staining Notes
incubation
GE (+), LE (+);
10% Horse serum 1:250, SFroma +); Wash of
Standard 1:500; Signal .
. 2% Human . Lo light
citrate Incubation | detectionin .
serum . staining
1 isotype
control
10% Horse serum | 1:100,
Goat-a- Standard | 2% Human 1:200; No staining
STMN1 citrate serum 10% fish Incubation detected
STMN1 . . .
(LS Bio) skin gelatin 2
0.5 mg/mL 5% Horse serum | 1:100,
Strong 2% Human 1:200; Very faint
. . . GE (+) .
citrate serum 10% fish Incubation staining
skin gelatin 2
5% Horse serum 1:100,
Strong 2% Human 1:200; GE (+) Very faint
EDTA serum 10% fish Incubation staining
skin gelatin 2
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Chapter 3: The effect of obesity associated Advanced Glycation
Endproducts on preimplantation embryo development

Published manuscript

3.1 Chapter summary

The preimplantation embryo is exposed to the uterine fluid milieu as it undergoes the early and critical
stages of development before adhesion and implantation into the maternal endometrium;
perturbations of this environment may impact development, and the establishment and continuation
of a healthy pregnancy. The work in this chapter aimed to determine if the altered uterine

environment in relation to obesity-associated AGEs affected preimplantation embryo development.

Mouse embryos were collected at the 1 cell stage and cultured in concentrations of AGEs
equimolar to the lean and obese uterine environment. As a comparison, embryos were also cultured
under standard conditions without addition of AGEs or equivalent non-glycated protein to show the
effects standard culture had on the same cohort of embryos, allowing comparison of how embryos
from the same donor may develop in utero when exposed to AGEs, or ex vivo, when cultured for

example after IVF.

Following exposure to concentrations of AGEs representative of the obese uterine
environment, preimplantation embryo development, specifically trophectoderm formation and
function, were compromised significantly in comparison to embryos exposed to lean concentrations
of AGEs, or no AGEs. Pharmaceutical intervention was applied in the form of metformin, antagonism
of the receptor for AGEs (RAGE), and a combination of antioxidants known to benefit preimplantation
embryo development. Trophectoderm cell number was used as the experimental endpoint, and was
only modestly improved by RAGE antagonism, but not by application of metformin or antioxidants.
Future investigation could examine other cellular mechanisms through which AGEs may be exerting

their effects including TLR4 activation and endoplasmic reticulum stress.

| have demonstrated that the obese uterine environment, containing elevated levels of AGEs,
significantly compromises preimplantation embryo development. This provides a link between an
altered maternal environment, and the poor reproductive outcomes experienced by women who are
obese. As this early chapter reinforced the necessity for a quality microenvironment for
preimplantation development, this thesis then examined the potential of pharmaceutical intervention
in an attempt to normalise the functions of endometrial cells in the obese peri-implantation

environment (Chapter 4).

The data from this chapter is here presented as a manuscript published in Reproductive

Biomedicine Online (Impact factor 2.93, quartile 1 in Reproductive Biomedicine and Obstetrics and
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Gynaecology). Author contributions are provided in the thesis including published works declaration

at the start of this thesis.

3.2. Manuscript
Hutchison, J. C., Truong, T. T, Salamonsen, L. A., Gardner, D. K., Evans, J. (2020). Advanced Glycation

End Products present in the obese uterine environment compromise preimplantation embryo

development. Reproductive Biomedicine Online, 41 (5), 757-766.
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KEY MESSAGE

Advanced glycation end products (AGE) link obesity with reduced fertility. Preimplantation embryo
development within an AGE-rich environment detrimentally impacts trophectoderm cell number and
blastocyst outgrowth in vitro. Pre-conception reduction of intrauterine AGE may improve fertility outcomes for
women with obesity or other metabolic syndromes associated with elevated AGE.

ABSTRACT

Research question: Proinflammatory advanced glycation end products (AGE), highly elevated within the uterine cavity
of obese women, compromise endometrial function. Do AGE also impact preimplantation embryo development and
function?

Design: Mouse embryos were cultured in AGE equimolar to uterine fluid concentrations in lean (1-2 umol/l) or obese
(4-8 umol/l) women. Differential nuclear staining identified cell allocation to inner cell mass (ICM) and trophectoderm
(TE) (day 4 and 5 of culture). Cell apoptosis was examined by terminal deoxynucleotidyl transferase-mediated dUDP
nick-end labelling assay (day 5). Day 4 embryos were placed on bovine serum albumin/fibronectin-coated plates and
embryo outgrowth assessed 93 h later as a marker of implantation potential. AGE effects on cell lineage allocation were
reassessed following pharmacological interventions: either 12.5 nmol/l AGE receptor (RAGE) antagonist; 0.1 nmol/I
metformin; or combination of 10 umol/l acetyl-L-carnitine, 10 umol/l N-acetyl-L-cysteine, and 5 umol/I alpha-lipoic acid.

Results: 8 umol/l AGE reduced: hatching rates (day 5, P < 0.01); total cell number (days 4, 5, P < 0.01); TE cell
number (day 5, P < 0.01), and embryo outgrowth (P < 0.01). RAGE antagonism improved day 5 TE cell number.

Conclusions: AGE equimolar with the obese uterine environment detrimentally impact preimplantation embryo
development. In natural cycles, prolonged exposure to AGE may developmentally compromise embryos, whereas
following assisted reproductive technology cycles, placement of a high-quality embryo into an adverse ‘high AGE’
environment may impede implantation success. The modest impact of short-term RAGE antagonism on improving
embryo outcomes indicates preconception AGE reduction via pharmacological or dietary intervention may improve
reproductive outcomes for overweight/obese women.

" Hudson Institute of Medical Research, 27-31 Wright Street Clayton VIC 3168, Australia KEYWORDS
2 Department of Molecular and Translational Science, Monash University Clayton VIC 3800, Australia

Ad d glycati d duct
3 School of BioSciences, University of Melbourne, Parkville VIC 3010, Australia vanced glycation end products

Implantation

© 2020 Reproductive Healthcare Ltd. Published by Elsevier Ltd. All rights reserved. Obesity

*Corresponding author. E-mail address: Lois.Salamonsen@hudson.org.au (L A Salamonsen). https://doi.org/10.1016/j. Pregnancy

rbmo.2020.07.026 1472-6483/© 2020 Reproductive Healthcare Ltd. Published by Elsevier Ltd. All rights reserved. Preimplantation embryo development
Declaration: The authors report no financial or commercial conflicts of interest. Trophectoderm


http://crossmark.crossref.org/dialog/?doi=10.1016/j.rbmo.2020.07.026&domain=pdf

758 RBMO VOLUME 41 ISSUE 5 2020

INTRODUCTION

besity, defined as a

body mass index (BMI)

>30 kg/m?, is a rising

global crisis, with the
World Health Organization (WHQO)
estimating that globally almost 40%
of adults are overweight or obese. In
developed countries, around 60% of
adults are overweight or obese (World
Health Organization, 2018). Multiple
comorbidities are associated with obesity,
including diabetes, cardiovascular disease
and cancer (Khaodhiar et al., 1999).
While still under debate (Insogna et al.,
2017; Schliep et al., 2015), a growing body
of evidence implicates a detrimental
impact of obesity on fertility (Rittenberg
et al.,, 2011). Obese women take longer
to achieve a pregnancy, and are less likely
to conceive in a natural cycle (Gesink
Law et al., 2007). Indeed, every one unit
increase in BMI above 29 kg/m? reduces
the probability of achieving a natural
pregnancy by 4% (Van Der Steeg et al.,
2008). Studies in assisted reproductive
technology (ART) cycles further highlight
these detrimentally affected outcomes
in obese women. Maternal obesity is
associated with reduced implantation
and clinical pregnancy in comparison to
lean women (Moragianni et al., 2012),
and 15% reduction in live birth rate
(Sermondade et al., 2019).

Obesity may impact female reproductive
potential in various ways, including
ovarian and oocyte function, embryo
development and uterine receptivity.

In animal models, diet-induced obesity
detrimentally impacts follicle and oocyte
health, and adversely affects embryo
development (Jungheim et al., 2010;
Luzzo et al., 2012). In humans, obesity
reduces the number of oocytes retrieved,
oocyte quality and fertilization success,
and blastocyst formation following
induced ovulation for ART (Comstock

et al.,, 2015; Kudesia et al., 2018;
MacKenna et al., 2017; Shah et al., 2011;
Wittemer et al., 2000).

Independent of the impact of obesity
on oocyte function, the obese uterine
environment plays an important role in
fertility outcomes. Obese women have
an increased risk of early pregnancy loss
(Lashen et al., 2004; Metwally et al.,
2008), and their increased incidence

of euploid embryo loss (Landres et al.,
2010; Tremellen et al., 2017) implicates
a detrimental impact of obesity on

endometrial function and implantation
competency. Indeed, obesity has

been suggested to affect the window

of implantation in obese women,

and alter expression of receptivity

genes determined by the endometrial
receptivity array (Comstock et al., 2017).
Studies in which embryos obtained from
donor oocytes from lean women, and
transferred into obese women, show
reduced ongoing clinical pregnancy and
live birth rates compared with autologous
transfers in lean women (Bellver et al.,

2013).

The mechanisms that underpin the
relationship between obesity and adverse
reproductive outcomes are still largely
unclear; however, recent data implicates
intrauterine advanced glycation end
products (AGE) in altered pregnancy
outcomes (Antoniotti et al., 2018). AGE
are formed via the Maillard reaction
when sugars glycate proteins, which can
occur endogenously, or exogenously
when foods are browned or heat-
treated for preservation; thus AGE can
be ingested from the diet (Kellow and
Coughlan, 2015; Poulsen et al., 2013).
AGE are proinflammatory and have
been linked to many adverse conditions
including cardiovascular disease and
diabetes (Ott et al., 2014; Zhou et al.,
2016). Their role in reproduction is
starting to be elucidated: clinical studies
show that follicular fluid and serum
concentrations of AGE are negatively
associated with ovarian response,
embryo quality and live birth following
ART (Jinno et al., 2011; Takahashi et al.,
2019; Yoo et al., 2018). Of particular
relevance for this study, AGE within

the intrauterine environment of obese
women (BMI =30 kg/mQ), where final
preimplantation embryo development
occurs (Salamonsen et al., 2016), are
four-fold elevated compared with lean
women (BMI <25 kg/m?) (Antoniotti

et al., 2018).

This study aimed to elucidate the effect
of AGE, equimolar with the obese uterine
environment, on mouse preimplantation
embryo development, and the impact
of pharmacological interventions

(RAGE antagonism, metformin, and an
antioxidant cocktail shown to benefit
preimplantation embryo development
in culture (Truong et al., 2016)) on
improving AGE-mediated effects.

The findings demonstrate clearly that
obesity-related AGE detrimentally affect
preimplantation embryo development

and implantation potential. Importantly,
these effects are partially ameliorated
with antagonism of RAGE, providing a
potential means to improve reproductive
outcomes of women with obesity and
other conditions associated with elevated
AGE.

MATERIALS AND METHODS

In-vitro preparation of AGE

AGE were prepared and quantified
previously (Antoniotti et al., 2018). In brief,
10 mg/ml human serum albumin (HSA,
Sigma, Castle Hill, NSW, Australia) in

0.2 mol/I NayHPOy (Sigma) buffer pH 7.5
containing 0.5 mol/l b-glucose (Sigma)
was sterile-filtered before incubation
under aerobic conditions at 37°C for 3
months. Excess glucose was removed

by dialysis against pH 7.5 phosphate-
buffered saline (PBS) at 4°C with regular
buffer changes. AGE were again sterile-
filtered, and endotoxins depleted using
Detoxi-Gel™ Endotoxin Removing

Resin (Thermofisher, Scoresby, VIC,
Australia). The concentration of AGE
(umol/l AGE/mol lysine, reported here as
pumol) was determined using an in-house
enzyme-linked immunosorbent assay
(Coughlan et al., 2071a) and normalized
to lysine content, as measured by mass
spectrometry (Degenhardt et al., 2002;
Forbes et al., 2001).

Embryo collection

Mice (C57BL/6xCBA) were housed in

a 12 h light-dark cycle with food and
water ad libitum. F1 virgin female mice
(3-4 weeks old) were super-ovulated by
intraperitoneal administration of 5 IU
pregnant mare's serum gonadotrophin
(Folligon; Intervet, UK). Ovulation was
induced 48 h later by intraperitoneal
administration of 5 IU of human chorionic
gonadotrophin (Chorulon; Intervet, UK),
followed by mating with F1 male mice
(=12 weeks of age). Mice with a vaginal
plug, indicative of successful mating, were
sacrificed by cervical dislocation 22 h after
mating, and pronucleate oocytes collected
in 37°C handling medium (G-MOPS
PLUS; Vitrolife AB, Sweden) by dissection
and tearing of the ampullae, as previously
described (Gardner and Truong, 2019).
Pronucleate oocytes were denuded of the
surrounding cumulus cells by incubation
in G-MOPS PLUS media containing

300 IU/ml hyaluronidase (bovine testes
type IV, Sigma Aldrich, NSW, Australia).
Embryos were then washed twice in
G-MOPS PLUS, followed by a wash in
G1™ PLUS media (Vitrolife) prior to



culture. Within each biological replicate,
embryos were collected from multiple
mice and pooled prior to allocation

to experimental groups to control for
inter-animal variation. A minimum of
three biologically independent replicates
were performed for each experiment,
with a minimum total of 20 embryos per
treatment group. All mice experimentation
was approved by the University of
Melbourne's Animal Ethics Committee
(1814430, 29 March 2018).

Embryo culture

Unless otherwise stated, embryos were
cultured in groups of 10 in 20 ul drops
of treatment-specific media under
paraffin oil (Ovoil; Vitrolife) in 6%

COy, 5% Oy and 89% N, at 37°C in a
humidified multi-gas incubator (Sanyo,
Japan). Embryos were cultured in G1™
PLUS media (Vitrolife) for 48 h before a
further 48 h culture in G2™ PLUS media
(Vitrolife); treatments were maintained
throughout culture.

AGE dose-response

Embryos were cultured as described
above with the addition of O, 1, 2, 4
or 8 umol/l AGE supplemented in
both G1 and G2 medium. 1-2 umol/I
AGE encompass the physiological
concentrations of AGE in the lean
human uterine environment, while
4-8 umol/l AGE represent the obese
uterine environment (Antoniotti et al.,
2018). G1 and G2 medium with no AGE
served to replicate standard in vitro
culture conditions.

Therapeutic intervention
Dose-responses determined the optimal
dose for RAGE antagonist (FPS-ZMT,
Tocris; range 12.5-50 nmol/l) and
metformin (Sigma; range 0.01 nmol/I

to T umol/l) in the presence of 8 umol/I
AGE. The therapeutic doses selected
for FPS-ZM1 and metformin were

12.5 nmol/l and 0.1 nmol/l, respectively
(dose-response data not shown).
Antioxidant treatment has previously
been optimized for embryo culture
(Truong et al.,, 2016), using a combination
of acetyl-t-carnitine (10 umol/I, Sigma),
N-acetyl-L-cysteine (10 umol/l, Sigma)
and alpha-lipoic acid (5 pmol/l, Sigma).
The impact of therapeutic intervention
was examined by assessing cell lineage
allocation, as described below, following
embryo culture in 0, 1 or 8 umol/l AGE,
or 8 umol/l AGE supplemented with the
optimal dose of FPS-ZM1, metformin or
combined antioxidants.

Cell number and lineage allocation in
the blastocyst

To assess allocation of cells to the inner
cell mass (ICM) or trophectoderm (TE)
in blastocysts, differential nuclear staining
was performed following termination

of culture on day 4 or 5 per standard
protocols (Hardy et al., 1989; Kelley

and Gardner, 2016). The zona pellucida
was removed using pronase (Sigma),

TE labelled with propidium iodide,

and all nuclei stained with 0.1 mg/ml
bisbenzimide (Sigma). Blastocysts were
mounted in 100% glycerol and imaged
using a Nikon Eclipse TS100 microscope
fitted with a digital camera, and cells
counted using ImageJ software (National
Institutes of Health [NIH], Bethesda, MD,
USA).

Apoptosis within the embryo: terminal
deoxynucleotidyl transferase (TUNEL)
staining

Embryos were assessed for apoptosis
using a DeadEnd™ Fluorometric TUNEL
system (Promega, USA) according to the
manufacturer's instructions. Embryos
were fixed in 4% paraformaldehyde (PFA)
in PBS for 1 h at room temperature,

and washed twice in G-MOPS PLUS.
Blastomeres were permeabilized with
0.125% Triton X-100 (Sigma) in 0.1%
sodium citrate for 30 min at room
temperature and washed three times with
G-MOPS PLUS. Apoptotic cells were
labelled with terminal deoxynucleotidyl
transferase (TdT) by incubation for

60 min at 37°C in a humidified dark
chamber. All nuclei were visualized with
0.1 mg/ml bisbenzimide. Embryos were
imaged under a FITC filter and number
of apoptotic nuclei determined and
expressed as per cent total cells.

Blastocyst outgrowth

Ninety-six-well culture plates were rinsed
with sterile PBS and coated with 10 pg/
ml fibronectin (BD Biosciences, NJ,
USA) overnight at 4°C, as previously
described (Binder et al., 2015). After
rinsing wells with sterile PBS, they were
incubated with 4 mg/ml BSA for 2 h at
room temperature. Wells were rinsed
with PBS followed by G2 medium and
filled with 150 ul treatment-specific G2
medium supplemented with 5% fetal calf
serum (Gibco, Life Technologies). Wells
were equilibrated at 37°C under paraffin
oil (Ovall, Vitrolife) under 5% oxygen for
4 h before the addition of blastocysts.
Embryos cultured in O, T or 8 umol/I
AGE which had reached or surpassed
expanded blastocyst stage were
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transferred to individual wells after 4 days
of culture in the continued presence of
AGE supplemented with 5% fetal calf
serum. Blastocysts were imaged 45, 69
and 93 h after plating, and the area of the
embryo outgrowth was measured using
ImageJ software (NIH).

Statistical analysis and data
representation

Analyses and representation performed
using GraphPad Prism Version 8.2 (San
Diego, CA, USA). Data were assessed
for normality using a Shapiro-Wilk test.
Normally distributed data were analysed
using a one-way analysis of variance,
followed by Tukey's post-hoc comparison
testing. Those not normally distributed
were analysed using a Kruskal-Wallis test,
followed by Dunn's multiple comparisons
test. Developmental stage and hatching
rates were subjected to arcsine
transformation before statistical analysis.
Data are presented as mean = SEM.
Biological significance was considered at
P < 0.05.

RESULTS

Obese AGE compromise embryo
development rates

The proportion of embryos developing
to the blastocyst stage was determined
in the presence of lean (1-2 pmol/l) and
obese (4-8 umol/l) AGE. Obese AGE did
not significantly reduce the proportion
of embryos reaching the blastocyst stage
by day 4 (FIGURE 1A, P = 0.14), but by

day 5, there was a significant reduction
in the proportion of embryos forming
hatching blastocysts when exposed to

8 umol/l AGE, compared with embryos
that were exposed to no AGE throughout
culture (FIGURE 24, P < 0.01). In cultures
maintained for 5 days, at the time

of media changeover on day 3, AGE
mediated no significant impact on the
proportion of embryos containing 8 or
fewer cells (TaBLE 1, P = 0.26). Treatment
with 8 pmol/I AGE significantly impaired
embryo development, as manifested

by an increase in the proportion of
embryos at compaction compared

with lean concentrations or no AGE
(taBLE1, P < 0.01), and a reduction in the
proportion of embryos that had reached
or exceeded morula compared with

no AGE in the culture medium (TABLE 1,
P =0.04).

AGE impact cell lineage allocation
Blastocysts cultured in obese
concentrations of AGE (8 umol/l) for 4
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FIGURE 1 Obese concentrations of advanced glycation end products (AGE) affect total cell number, but not inner cell mass (ICM) or
trophectoderm (TE) in the day 4 blastocyst. (A) The proportion of embryos in a group culture droplet forming blastocysts was not significantly
affected by lean (1-2 umol/l) or obese (4-8 umol/l) concentrations of AGE (P = 0.14). (B) Embryos cultured in 8 umol/l AGE had significantly fewer
total cells compared with those cultured in O pmol/l (P = 0.02), 1 umol/I (P = 0.02), 2 pmol/l (P < 0.001), or 4 umol/I (P = 0.02) AGE. Increasing
concentrations of AGE did not significantly affect TE (C) (P = 0.06). AGE impacted ICM cell number (P = 0.03), but no statistical difference

was detected between treatments (D). Controls were embryos cultured in media with no AGE (0 pmol/l, standard culture conditions). Mean in
each case is the derivative of at least five biologically independent replicates with a minimum of 26 embryos per group. *P < 0.05 versus all other
conditions.
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FIGURE 2 Obese concentrations of AGE affect embryo hatching, total, and TE cell number in the day 5 blastocyst. (A) The proportion of embryos
forming hatching blastocysts was significantly reduced when embryos were cultured in obese (8 pmol/l) concentrations of AGE compared to

0 umol/l AGE (standard culture conditions (P < 0.01). (B) 8 umol/I AGE reduced the total number of cells compared with 1 umol/l (P = 0.03), no
group was significantly different in comparison to standard culture (P = 0.052 for all). (C) Embryos cultured in 8 pmol/l AGE had fewer TE cells
compared with 0 umol/I (P < 0.01) and 1 umol/l AGE (P = 0.04). (D) Lean 2 umol/I AGE reduced the number of ICM cells compared with lean

1 pmol/l AGE (P = 0.02), no group was significantly different in comparison to standard culture (P = 0.43 for all). Controls were embryos cultured
in media with no AGE (0 umol/l, standard culture conditions). Mean in each case is the derivative of four biological replicates with a minimum of
33 total embryos per group. **P < 0.01 versus 0 pmol/I AGE. #P < 0.05 versus 1 umol/l AGE.
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TABLE 1 OBESE CONCENTRATIONS OF AGE AFFECT EMBRYO DEVELOPMENTAL RATES

Developmental stages of embryos on day 3 of culture (mean % %= SEM)

AGE (umol/I) 0 1 2 4 8

<8 cells 4.6+ 4.6 96 +48 14.8 +10.2 173 = 91 28.6 =101

Compacting 176 £ 5.8 193 +73 181+54 259 £5.0 467 + 72+
>Morula 779 = 85 71.0 = 1.4 722 +123 56.8 =131 247 + 99*

Mean % = SEM of embryos in a culture drop at each developmental stage at the time of media changeover on day 3 in cultures that were continued for 5 days. Exposure
to AGE did not impact the proportion of embryos containing 8 or fewer cells (P = 0.26). Treatment with 8 pmol/l AGE was associated with significantly more embryos at
compaction compared to lean (1 umol/I (P = 0.03) and 2 umol/I (P < 0.01)) or no AGE (P = 0.02). Treatment with 8 umol/I AGE was associated with fewer embryos that had
reached or exceeded morula stage compared to standard culture conditions (P = 0.04).*P < 0.05 vs O pmol/I AGE

#P < 0.05vs Tor2 pmol/l AGE.

days had a reduced total cell number P = 0.02). No significant difference was at 45 h (P =0.75) or 69 h (P = 0.17),
compared with all other conditions seen between standard culture and any however obese AGE (8 umol/l)

(rGure 18, P < 0.01), with a decrease in other treatment (P > 0.43 for all). significantly reduced embryo outgrowth
the number of TE cells approaching at 93 h compared with O umol/l AGE
significance (FIGURe 1c, P = 0.058). AGE do not increase cell apoptosis in (P < 0.07), but not in comparison to

A significant effect of AGE on ICM the embryo 1 umol/l AGE (FIGURE 3).

number following 4 days of culture Apoptosis was investigated as a potential

was detected (P = 0.03), but multiple mechanism to explain the reduced cell Effects of AGE are partially attenuated
comparisons testing did not detect a number in blastocysts cultured with by RAGE inhibition

difference between groups, the increase obese AGE. Obese AGE did not alter Neither metformin nor a cocktail

in number of ICM cells in embryos the percentage of cells undergoing of antioxidants improved embryo
exposed to 8 umol/l AGE approaching apoptosis as determined by TUNEL outcomes, as assessed by total cell
significance compared with standard assay (4 umol/I [1.07 = 0.34%] or number and TE/ICM cell number, in the
culture (FIGUre 1D, P = 0.056). After 5 8 umol/I [1.55 = 0.32%]), compared presence of 8 umol/l AGE (FIGURE 4A-C).
days of culture in 8 umol/I AGE (obese), with standard culture and lean However, co-treatment with the RAGE
embryos exhibited a significant reduction conditions (O pmol/I [1.54 += 0.54%], antagonist FPS-ZM1 partially attenuated
in total cell number (FIGURE 28) compared 1T umol/1[0.62 = 0.25%], 2 umol/I AGE impacts such that the total cell
with lean 1 umol/I (P = 0.03), but not [1.50 = 0.44%] (P = 0.12)). Mean is number (FIGURE 4A), TE (FIGURE 4B) and
standard culture (P = 0.052). Around the derivative of three biologically ICM (FiGURE 4c) cell numbers were not
20% fewer cells were identified within independent replicates with a minimum significantly different to culture without
the TE compared with standard culture of 30 embryos per experimental group AGE (standard culture). Treatment with
(P < 0.01) and lean conditions (1 pmol/I, (immunofluorescence not shown). 8 umol/l AGE mediated an approximately
P = 0.04) (Fcure 2c). The ICM had a 20% reduction in TE (P < 0.01) and total
higher number of cells when cultured AGE impair TE function cell number (P < 0.01) in comparison to
with T umol/I AGE, compared with Neither lean nor obese concentrations standard culture, and in the presence

2 umol/I AGE (both lean; FIGURE 2D, of AGE impacted embryo outgrowth of FPS-ZM1, this was approximately

al0% (P =092) or 12% (P = 0.35)
reduction, respectively, compared with

< 5x10°4 standard culture. Culture in 8 pmol/I
% . AGE reduced the ICM in comparison
X 0 - to 1 umol/l AGE (P < 0.01), but not
b=t 3x10%- standard culture (P > 0.99). With the
% addition of the RAGE antagonist, ICM
S 2x105- was not significantly different to 1 umol/I
g AGE (lean) or culture in 8 umol/l AGE
5 1x1054 without therapeutics (obese), however
5 both TE and total cell number remained
o 0- significantly reduced in comparison to
AGEs(uM) O 1 8 0o 1 8 0 1 8 1 umol/l AGE (P < 0.01), and were not

45 h 69 h 93 h

significantly increased in comparison
to culture in 8 umol/l AGE without

FIGURE 3 AGE impact embryo outgrowth. Blastocyst outgrowth was not significantly therapeutics.

affected after 45 h (P = 0.75) or 69 h (P = 0.17) by either lean (1 pmol/I) or obese (8 umol/l)

concentrations of AGE. Compared with 0 pmol/| AGE, embryos cultured in 8 umol/I AGE had DISCUSSION
reduced outgrowth after 93 h (P < 0.01). Culture in 1 umol/I AGE did not significantly affect
blastocyst outgrowth compared with O pmol/I AGE (P = 0.08) or 8 umol/l AGE (P = 0.45). This study provides strong evidence to

Controls were embryos cultured in media with no AGE (0 umol/I, standard culture conditions).
Mean is the derivative of three biological replicates with a minimum of 20 total embryos per
group. **P < 0.01 versus O pmol/l AGE.

support clinical reports of an adverse
impact of obesity on fertility outcomes.
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FIGURE 4 RAGE antagonism reduces the effects of AGE on the day 5 blastocyst. Cell number
(mean = SEM) of (A) total blastocyst, (B) TE and (C) ICM, when treated with lean (1 umol/I) and
obese (8 umol/l) concentrations of AGE and the addition of therapeutics. 8 pmol/l AGE significantly
reduced the number of TE (P < 0.01) and total (P < 0.01) cells in comparison to O pmol/l and 1 umol/I
AGE. Embryos cultured in 8 umol/I AGE supplemented with 12.5 nmol/| RAGE antagonist (FPS-ZM1)
had fewer total and TE cells compared with 1 umol/I (P < 0.01) but not O umol/I AGE (standard
culture conditions; P = 0.35, 0.92, respectively).The total cell number was significantly lower than 0
and 1 umol/l AGE following culture in 8 pmol/I AGE with the addition of either 0.1 nmol/I metformin
(P = 0.03, <0.0001, respectively) or antioxidants (P < 0.03, <0.0001, respectively). The TE cell
number was significantly lower than 0 and 1 umol/I AGE following culture in 8 umol/l AGE with the
addition of either 0.1 nmol/l metformin (P = 0.01, <0.0001, respectively) or antioxidants (P = 0.02,
<0.0001, respectively). The ICM was significantly reduced in comparison to 1 umol/I AGE following
culture in 8 umol/I AGE either alone (P < 0.01) or containing metformin or antioxidants (both

P < 0.01), but not in comparison to 8 pmol/| AGE supplemented with FPS-ZM1 (P = 0.14). The ICM of
embryos under standard culture conditions (0 pmol/| AGE) was not significantly different to 1 pmol/I
(P = 0.62), or 8 pmol/l either alone or with therapeutics (P > 0.99 for all). No condition significantly
reduced ICM cell number in comparison to O umol/I AGE (standard culture conditions). Mean is

the derivative of six biological replicates with a minimum of 52 embryos per group. *,**P < 0.05, 0.01
versus O pmol/l AGE. #P < 0.01 versus 1 umol/| AGE, *P < 0.0001 versus 1 umol/l AGE.
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Specifically, it demonstrates that

AGE equimolar with those within the
obese uterine fluid microenvironment
(Antoniotti et al., 2018) compromise
preimplantation embryo development
and function relating to implantation
potential, as demonstrated by reduced
blastocyst outgrowth. Given the

need for synchronous development

of the endometrium and embryo for
successful implantation, alterations

in developmental timing and embryo
function induced by exposure to AGE as
shown here, may contribute significantly
to the sub-fertility and increased time

to pregnancy experienced by obese
women (Gesink Law et al., 2007; Van
Der Steeg et al., 2008). Indeed, delayed
embryo development will create dys-
synchrony between embryonic and
endometrial development, a significant
issue given that late implantation of an
embryo is more likely to result in early
pregnancy loss (Wilcox et al., 1999).
Thus, the data presented here are highly
pertinent to the clinical observation

that obese women are more likely to
undergo spontaneous abortion of euploid
embryos (Tremellen et al., 2017).

Hatching from the zona pellucida,
facilitated by mechanical force exerted
by the expanding blastocyst (Leonavicius
et al,, 2018) and trypsin-like protease
production (Perona and Wassarman,
1986; Vu et al., 1997), is a critical step
towards an implantation-competent
blastocyst (Balaban et al., 2000).
Exposure to obese concentrations of
AGE for 5 days significantly reduced
the rate of hatching of mouse embryos
compared with lean concentrations. Of
the potential mechanisms underpinning
this, the reduced cell number in day 5
embryos may impact the mechanical
contribution of the embryo to hatching
(Leonavicius et al., 2018). Although not
examined here, there is evidence that
AGE can inhibit proteolytic activity
(Ott et al., 2014), and this may also

be relevant. Future work will examine
whether embryonic protease expression
and activities are altered by obese AGE.

Appropriate allocation of blastocyst

cells to either TE or ICM is critical for

a healthy pregnancy. Inappropriate

TE formation may ‘feed forward’ to
compromise implantation competency
or placental development, while variation
in the ICM is associated with altered
birthweight (Licciardi et al., 2015), which
may set the offspring up for a lifetime of
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altered health outcomes (Leddy et al.,
2008). Here, AGE-mediated differential
effects on embryo cell lineage allocation
were dependent on time in culture. After
4 days in culture, the total number of
cells in the blastocyst was significantly
reduced by obese concentrations of
AGE, probably due to reduction in TE
cell number. Reduced blastocyst cell
number in the absence of increased
apoptosis, and reduced proportion of
embryos having reached or exceeded
morula on day 3, implies AGE mediate
an anti-proliferative effect as observed

in endometrial epithelial cells (Antoniotti
et al.,, 2018). This observation persisted
to day 5, with a significant decrease in
TE cells observed in embryos cultured in
obese concentrations of AGE, and may
indicate that the function of the TE may
be adversely impacted by elevated AGE.

The reduced TE cell number in the
presence of obese AGE implies fewer
functioning cells to adhere to and
traverse the endometrial epithelium at
implantation. In addition, the reduced in-
vitro blastocyst outgrowth seen at 93 h in
such culture provides an indication of in-
vivo adhesion and implantation potential
(Binder et al., 2015). AGE-mediated
effects on TE formation and function

are of clinical significance in light of

the increased risk of pre-eclampsia and
related disorders experienced by obese
women (Poorolajal and Jenabi, 2016),
because subsequent to implantation,
trophectodermal cells then differentiate
into the range of invasive and syncytial
trophoblast cells that provide the
embryonic component of the placenta.
Indeed, AGE have previously been
associated with poor placental function,
and can increase oxidative stress in
placental cells (Konishi et al., 2004;
Shirasuna et al., 2016). In-vitro outgrowth
experiment results warrant future
validation and investigation by embryo
transfer into recipient females.

Clinically, overweight and obese women
are at an increased risk of developing
gestational complications, including
recurrent implantation failure and pre-
eclampsia (Boots et al., 2014; Roberts
et al., 2011; Sugiura-Ogasawara, 2015),
all of which are in part attributable to
poor implantation and placentation (Saito
and Nakashima, 2014). The reduction
in TE cell number and outgrowth of
mouse blastocysts cultured in high
concentrations of AGE provides a link
between obesity and these pathologies.

By attempting to reduce or neutralize
the effects of AGE before conception, it
may be possible to significantly improve
pregnancy outcomes for these women.

Of the three therapeutics trialled (RAGE
antagonist, metformin and a combination
of antioxidants), only RAGE antagonism
mediated a small improvement in embryo
development, implying that in the mouse
embryo, RAGE signalling may be one
mechanism by which AGE exert their
detrimental effects. It is important to

note that RAGE is not the only receptor
activated by AGE. AGE can also interact
with and signal through Toll-like receptor
4 (TLR4) and AGE receptor complex (Ott
et al., 2014; Shirasuna et al., 2016; Xie

et al.,, 2013). Thus, a signalling blockade
including multi-receptor antagonism may
be necessary. However, a longer-term,
preconception therapy to reduce uterine
AGE through either diet or prolonged
pharmacological intervention with an AGE
targeting drug such as the AGE crosslink
breaker Alagebrium (Coughlan et al.,
2071b) may be more appropriate. While
the antioxidants used in this study have
been shown to benefit embryo outcomes
(Liang et al., 2017; Truong et al., 2016;
Truong and Gardner, 2017) and exhibit
anti-AGE effects (Hao et al.,, 2008; Hsuuw
et al,, 2005), the concentrations used
exceed the concentrations utilized here.
The concentrations used in this study were
previously optimized for embryo culture
with significant benefits to TE cell numbers
(Truong et al., 2016). However, further
studies trialling higher concentrations

of these antioxidants on potential AGE-
induced oxidative damage and reactive
oxygen species production in the
preimplantation embryo may be helpful.

Cellular mechanisms underpinning the
reduced TE cell number and blastocyst
outgrowth mediated by obesity-
associated AGE are still to be elucidated.
Activation of RAGE can induce cellular
endoplasmic reticulum stress, reported in
decidualized human endometrial stromal
cells exposed to AGE equimolar with the
obese uterine environment (Antoniotti
et al.,, 2018). Endoplasmic reticulum
stress detrimentally impacts oocyte
mitochondrial function, and subsequent
development of mouse embryos (Wu

et al.,, 2015, 2012), and may be activated
by AGE in the preimplantation embryo.

Further to endoplasmic reticulum
stress, metabolism and epigenetic
regulation may be impacted by

obesity-associated AGE. Combined
parental obesity in a mouse model
demonstrating compromised TE shows
increased glucose consumption per

cell in an embryo but no increase in
lactate production (Finger et al., 2015),
and the metabolic profile of human
embryos from obese women is altered
compared with lean counterparts
(Bellver et al., 2015; Leary et al., 2015).
Epigenetic regulation is important

in the specification of TE and ICM

cells, and in obese mice, epigenetic
modifications are altered in the oocyte
in both diet-induced and genetic models
of obesity (Hou et al., 2016). Linking
elevated AGE to any of the above in the
preimplantation embryo would provide a
mechanism for AGE-induced effects, and
identify novel therapeutic targets.

While highly pertinent, the data
presented here using a mouse model
may not transfer directly to human
biology. In support of their relevance,

in women, elevated serum and follicular
fluid AGE have been correlated to poor
ovarian response, reduced embryo
quality and lower ongoing pregnancy
rates following ART (Jinno et al., 2011;
Takahashi et al., 2019; Yao et al.,

2018), while obese concentrations of
AGE reduce adhesion of spheroids

of human TE stem cells to human
endometrial epithelial cells (Antoniotti
et al., 2018). Together the evidence to
date supports detrimental effects of
AGE in the uterine microenvironment
of implantation and establishment of a
healthy pregnancy, but further studies in
human cell lines and clinical trials need
to occur before AGE targeting becomes
clinical practice.

Two translational conclusions can

be drawn from the data presented

here. Firstly, it may be possible to
improve embryo development within

the uterine cavity of obese women by
either pharmacological intervention or
preconception dietary reduction of AGE.
Secondly, an assay of uterine AGE may
be applied before obese women undergo
fertility treatments including embryo
transfer or intrauterine insemination,

to assess the AGE concentrations, and
to follow any effort to reduce these
before treatment. Thus, this research
provides critical evidence of the need for
preconception interventions to reduce
or inhibit the activity of intrauterine AGE
and optimize pregnancy outcomes for
women with obesity.
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Chapter 4: Normalising the functions of endometrial cells exposed to
obesity associated AGEs

Therapeutic interventions to improve implantation potential

Chapter 3 of this thesis described significant effects of Advanced Glycation Endproducts (AGEs)
equimolar to those in the obese uterine fluid on the preimplantation embryo, but these were not fully
normalised by therapeutic intervention. This highlighted the need to optimise the maternal
environment to support healthy embryo development and implantation. As Antoniotti et al. (2018),
demonstrated significantly altered endometrial cell functions in the presence of obese concentrations
of AGEs, this chapter focussed on the use of pharmacological interventions to normalise the obese

endometrial environment to support a healthy pregnancy.

4.1 Introduction
While the mechanisms linking obesity and reduced endometrial competency are still unclear (Bellver

etal., 2013b; DeUgarte et al., 2010; Tremellen et al., 2017), AGEs are emerging as a potential mediator
of obesity’s detrimental effects on both male and female reproductive systems (Mallidis et al., 2008;
Merhi, 2014). Of relevance to the work in this chapter, AGEs are significantly elevated in the uterine
cavity of obese women, impairing epithelial cell proliferation and adhesive capacity, stromal cell
decidualisation, and trophoblast invasion (Antoniotti et al., 2018). Furthermore, concentrations of
AGEs equimolar to those in the obese uterine environment compromise the development and
function of trophectoderm cells in the mouse blastocyst, exhibited as a low trophectoderm cell
number and reduced blastocyst outgrowth (Chapter 3), further substantiating the link between

obesity and poor placental formation and function.

AGEs interact with a variety of cellular receptors, predominantly the Receptor for AGEs
(RAGE), AGE Receptor Complex-1 (also known as OST-48), and Toll-Like Receptor 4 (TLR4) (Konishi et
al., 2004; Noguchi et al., 2010; Ott et al., 2014). Both RAGE and TLR4 are present within the human
endometrium (Antoniotti et al., 2018; Fazeli et al., 2005) but little is known of OST-48. RAGE and TLR4
are involved in chronic inflammation (Gasiorowski et al., 2018), and the obese uterine environment is
highly pro-inflammatory (Antoniotti et al., 2018). Interaction of AGEs with RAGE and TLR4 result in
increased cell stress, activation of the unfolded protein response, and increased inflammatory
responses through NFkB (Ott et al., 2014; Xie et al., 2013). Further, in first trimester trophoblast cells
(Sw.71 cells), inhibition of RAGE and TLR4 was able to prevent the secretion of IL-6 secretion
stimulated by AGEs (Shirasuna et al., 2016). This indicates receptor antagonism may be beneficial in

normalising endometrial cell functions.
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Specific therapies to optimise the success of IVF and ART for obese women would be highly
beneficial. Whilst maintenance of a healthy weight should be encouraged, a variety of physical,
psychological, and socioeconomic factors may make weight loss difficult for individuals, and weight
loss may have only minimal impact on reproductive potential (Norman and Mol, 2018). As a variety of
therapeutics were unable to completely reverse detrimental the effects of AGEs on preimplantation
development (Chapter 3), optimising the implantation environment may improve conception rates by
actions on endometrial receptivity. Thus, the research presented here aimed to ameliorate AGEs-
mediated effects on endometrial cell function described by Antoniotti et al. (2018), by application of
a RAGE antagonist, metformin, and a previously published trio of antioxidants (Truong et al., 2016).
The effects of AGEs on endoplasmic reticulum stress were further investigated in this research to
identify additional therapeutic targets to normalise the functions of endometrial cells in the obese

uterine environment.

4.2 Methodology
Work in this chapter used standard protocols detailed in Chapter 2. Brief descriptions of methodology

are provided where required with results.

4.2.1 Donor demographics for human endometrial stromal cell experimentation
Human endometrial stromal cells were collected as per section 2.4.1.2 between days 10 and 24 of the

menstrual cycle and cultured blind to the fertility of the donor. Out of 5 samples, 2 had a history of
fertility, and 3 had a history of primary infertility. Donors had an average age of 32 years (range 24-
40), and a BMI of 24 kg/m? (range 21-29). One patient had evidence of endometrial fibroids, and one

donor was undergoing IVF. Individual donor characteristics are available in Table 4.1.

Table 4.1: Donor characteristics. Stromal cell cultures were generated from 5 endometrial donors.
Fertility status, age (years), BMI (kg/m?), cycle phase (histologically determined) and patient reported
cycle day at time of collection, are noted. (-) No data available. For donors 1-3, histophathological
dating was unavailable.

Donor Fertility Age | BMI Day of Cycle Notes
# status cycle stage

1 Fertile - 26 10 - Fibroids
Primary Normal endometrium,

2 infertile 40 29 18 ) undergoing IVF

3 Fertile 35 21 10 - Normal endometrium,

4 !Drlma'ry 29 22 24 Late Normal endometrium
infertile secretory

5 Infertile 24 22 18 Early Normal endometrium

secretory
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4.2.2 Therapeutic intervention
ECC-1, human endometrial stromal cells, and the trophoblast cell line HTR8/SVneo, were cultured in

the presence of AGEs equimolar to the lean (2 uM) and obese (8 uM) uterine fluid, and obese AGEs
further supplemented with therapeutics, optimised as in Section 2.4.2.2, and detailed in Table 4.2.
Where FPS-ZM1 was added to an experiment, its vehicle DMSO at 0.0005% vol/vol was added to all
wells including controls in that experiment. This was not necessary for experiments with metformin

and antioxidants

Table 4.2: Therapeutic interventions. Optimised concentrations utilised to remediate the effects of
obesity-associated AGEs on endometrial cell functions.

Therapeutic Optimised concentration
FPS-ZM1 25nM
Metformin 100 um
N-Acetyl-L-Cysteine 10 uM
Antioxidants N-acetyl-L-Carnitine 10 uM
a-Lipoic acid 5uM

4.2.3 Western immunoblotting
Using standard protocols, ECC-1 cells were seeded at a density of 2.5 x 10° cells per well in a 12 well

plate, and left to settle overnight. Cells were starved of serum for 6 h, treated with 10® M E for 24 h
in the presence of lean or obese AGEs alone or obese AGEs further supplemented with therapeutics
(Table 4.2), and 108 ME + 107 M MPA for an additional 24 h with experimental treatments continued.
Cells were lysed in ice-cold RIPA buffer, and Western immunoblotting performed as per Section
2.4.1.5. The concentrations of antibodies used in this chapter are detailed in Table 4.3. The detection

of TLR4 could not be optimised due to time constraints.

Table 4.3: Antibodies utilised to examine ER stress. Concentrations of primary and secondary
antibodies used to examine ER stress in ECC-1 cell lysates through Western Immunoblotting.

Target Primary antibody Dilution Secondary antibody
Mouse monoclonal, Santa 1:5000 Goat anti Mouse
RAGE Cruz (sc-365154) 1:2000 — HRP conjugated
0.2 mg/mL
Rabbit polyclonal, ) 1:5000 Goat anti Rabbit
CHOP Thermofisher (PA588116) 1:2000 — HRP conjugated
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2.85 mg/mlL 1:5000 Goat anti Rabbit
— HRP conjugated
Rabbit polyclonal
ATE4 Thermofisher (PA519521) 1:2000
0.8 mg/mL

Rabbit monoclonal HRP
B-actin conjugated (Cell Signalling 1:10,000 N/A
Technology #5125)

4.3 Results
4.3.1 AGE receptors are affected by obesity associated AGEs

Western immunoblotting confirmed the expression of RAGE in ECC-1 cells (Figure 4.1) indicating that
antagonism of this receptor is an appropriate therapeutic strategy. A strong band was observed at
approximately 45 kDa, the expected molecular weight of RAGE (shown), and two weak bands seen at
approximately 60 and 100 kDa, most likely a result of dimerization and glycosylation. No other bands
were visible on the blot. Quantification using iLab software (Version 6.1, Bio-Rad) demonstrated a
significant modulation of RAGE expression in the presence of AGEs (P < 0.01; Figure 4.1 A).
Physiologically obese AGEs (8 uM) significantly increased RAGE expression approximately 1.5-fold
compared to lean AGEs (2 uM; P = 0.041) and no AGEs control (P =0.047). RAGE remained elevated in
the presence of the antagonist FPS-ZM1 in comparison to lean AGEs (2 uM; P = 0.012) and no AGEs
control (P = 0.013). With metformin and antioxidants, no significant difference in RAGE expression
was detected (P = 0.39; Figure 4.1 B), though a similar 1.5-fold increase in RAGE expression was

observed with obese AGEs.
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Figure 4.1: RAGE expression in ECC-1 is influenced by obesity-associated AGEs. Representative
Western immunoblots of RAGE and B-actin loading control, mean + SEM (derived from n=3) relative
band intensity, normalised to standard culture conditions (0 uM AGEs control). A) Obese AGEs (8 uM)
mediated a significant increase in RAGE expression in comparison to lean (2 uM) and no AGEs (P =
0.012, 0.048 respectively while FPS-ZM1 was without further effect. Lean AGEs did not alter RAGE
expression relative to control (P > 0.99). B) Application of metformin or antioxidants did not further
alter RAGE expression in the presence of obese AGEs (P = 0.39). Individual data points represent
independent replicates. One-way ANOVA: *P < 0.05.

4.3.2 The effects of AGEs on endometrial epithelial cell proliferation are partially normalised

by antioxidants
Previously, AGEs equimolar to the obese uterine environment significantly reduced the adhesion and

proliferation of ECC-1 cells (Antoniotti et al., 2018), an effect recapitulated here (Figures 4.2 and 4.3).
ECC-1 cells were hormonally primed, and treated with lean and obese concentrations of AGEs (as per
Section 4.2.3), or obese AGEs further supplemented with therapeutics (Table 4.1). Adhesion and
proliferation of ECC-1 cells on fibronectin was analysed using the xCelligence system (cell culture and
xCelligence protocol: Section 2.4.1.4). The rate of adhesion was determined between 0 and 5 h, and
the rate of proliferation determined between 12 and 72 h. Obese concentrations of AGEs significantly
decreased the rate of proliferation of ECC-1 cells, reflected in a reduced cell index across all time points
(Figures 4.2 and 4.3). Of the three therapeutics tested, only antioxidants normalised the rate of
proliferation of ECC-1 cells in the presence of obese concentrations of AGEs (Figure 4.3 E), but these

antioxidants did not rescue cell index, likely a result of the continued decrease in rate of cell adhesion.
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AGEs altered the growth kinetics of ECC-1 alone and in the presence of a RAGE antagonist
(Figure 4.2 A). During the period of adhesion (1-5 h; Figure 4.2 B), cell index was not affected at 1 h (P
= 0.13), but an overall effect of treatment was detected at 2 h (P = 0.017),3 h (P =0.018),4 h (P =
0.021), and 5 h (P =0.037). Obese AGEs reduced cell index in comparison to no AGEs control at 2 h (P
=0.027),3 h(P=0.035) and 4 h (P = 0.046). No significant effect of other treatments was detected at
these time points. Whilst overall significant, no specific treatment effects were observed at 5 h. Whilst
an overall significant effect was seen on the rate of adhesion (P = 0.036; Figure 4.2 C), no effect of

individual treatments was detected (P > 0.08 for all comparisons).

During the period of proliferation (12-72 h), a significant effect of AGEs on ECC-1 cell index
(Figure 4.2 D) and rate of proliferation (Figure 4.2 E) was observed. An overall effect of treatment was
seen on cell index at 12 h (P =0.020), and 24 h (P = 0.011), with no specific effect of any treatment. At
36 h, compared to no AGEs control, cell index was significantly reduced in the presence of obese AGEs
alone (P =0.032), and obese AGEs supplemented with FPS-ZM1 (P = 0.036). Compared to lean (2 uM)
AGEs, obese AGEs significantly reduced cell index (P = 0.049). Obese AGEs in the presence of FPS-ZM1
did not significantly reduce cell index in comparison to lean (P = 0.054). At 48 h, only obese AGEs in
the presence of FPS-ZM1 significantly reduced cell index compared to no AGEs control (P =0.038). No
condition was significantly reduced compared to lean AGEs (P 2 0.059 for all). After 60 h, cell index
was significantly affected (P < 0.01), but no specific treatment effect was detected (P > 0.068 for all).
After 72 h, obese AGEs alone and with FPS-ZM1 reduced cell index in comparison to lean AGEs (P =
0.048, 0.037 respectively). There was no effect of any treatment in comparison to no AGEs control (P

> 0.061 for all).

The rate of proliferation of ECC-1 (12-72 h, Figure 4.2 E) was significantly reduced by the
presence of obese AGEs and FPS-ZM1 in comparison to no AGEs control (P = 0.011) and lean AGEs (P
< 0.01). The reduced rate of proliferation in the presence of obese AGEs was not significant in
comparison to no AGEs control (P = 0.13), or in comparison to lean AGEs (P = 0.09). The addition of

FPS-ZM1 did not further reduce the rate of proliferation in comparison to obese AGEs alone (P =0.62).
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Figure 4.2: RAGE antagonism does not improve endometrial epithelial cell proliferation kinetics in
the presence of obese AGEs. Adhesion and proliferation kinetics of ECC-1 cells hormonally primed in
the presence of lean (2 uM) or obese (8uM) concentrations of AGEs either alone or obese AGEs further
supplemented with 25 nM RAGE antagonist FPS-ZM1. PBS was used as a no AGEs control. A)
Representative real time cell analysis plot showing cell index over time (n=1 of 6 replicates). B) Cell
index (over 1-5 h; the period of adhesion) is significantly affected by treatments; FPS-ZM1 does not
improve the cell index in the presence of obese AGEs. C) Whilst there was an overall significant effect
(P =0.035), the rate of change of cell index (rate of adhesion, 0-5 h) was not significantly affected by
obese AGEs in comparison to lean AGEs or no AGEs control (P > 0.08). D) The cell index during the
period of cell proliferation (12-72 h) was reduced by obese concentrations of AGEs at specific time
points. (E) Co-culture of ECC-1 in obese concentrations of AGEs supplemented with FPS-ZM1 did not
rescue the rate of proliferation. Reduced rate of proliferation in the presence of obese AGEs alone
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was not significant in comparison to lean AGEs (P = 0.09), or in comparison to no AGEs control (P =
0.12). For B-E mean is the derivative of n = 6 biological replicates, data expressed as mean + SEM.
Individual points represent independent replicates. One-way ANOVA/Kruskal-Wallis *, ** P < 0.05,
0.01.

In the presence of metformin and antioxidants, AGEs altered the growth kinetics of ECC-1 (Figure 4.3).
During the period of adhesion (1-5 h), cell index was not affected at 1 h (P =0.13), or 2 h (P = 0.06),
but an overall effect of treatment was detected at 3 h (P =0.05), 4 h (P =0.049), and 5 h (P = 0.046).
No significant difference was detected between groups at each time point. Whilst an overall significant
effect was seen on the rate of adhesion (P = 0.499), no effect of individual treatments was detected

(P >0.13 for all comparisons).

During the period of proliferation (12-72 h), a significant effect of AGEs on cell index (Figure
4.3 D) and rate of proliferation (Figure 4.3 E) was observed. An overall effect of treatment was seen
on cell index at 12 h (P = 0.045), and 24 h (P = 0.019), with no specific effect of any treatment. At 36
h, compared to no AGEs control, cell index was significantly reduced in the presence of obese AGEs
alone (P =0.026), and obese AGEs and metformin (P =0.013), and antioxidants (P = 0.032). Compared
to lean AGEs, obese AGEs alone non-significantly reduced cell index (P =0.093), and obese AGEs in the
presence of metformin significantly reduced cell index (P = 0.047). Obese AGEs in the presence of
antioxidants did not significantly reduce cell index in comparison to lean (P=0.11). At 48 h, only obese
AGEs in the presence of metformin significantly reduced cell index compared to no AGEs control (P =
0.023). No condition was significantly reduced compared to lean AGEs (P > 0.028 for all). After 60 h,
compared to no AGEs, obese AGEs alone and with metformin significantly reduced cell index (P =
0.035, 0.012 respectively). Obese AGES in the presence of antioxidants did not significantly reduce cell
index versus no AGEs (P = 0.24). No condition reduced cell index versus lean AGEs (P > 0.13 for all).
After 72 h, compared to no AGEs, obese AGEs alone and with metformin significantly reduced cell
index (P = 0.032, < 0.01 respectively). Obese AGEs with antioxidants did not reduce cell index versus

no AGEs (P = 0.33). No condition reduced cell index versus lean AGEs (P > 0.06 for all).

The rate of proliferation (12-72 h, Figure 4.3 E) was significantly reduced by obese
concentrations of AGEs versus no AGEs control (P <0.001), and lean AGEs (P = 0.036). In the presence
of metformin, the rate of proliferation remained significantly reduced in comparison to no AGEs (P <
0.001), and lean AGEs (P = 0.028), and was not significantly different versus obese AGEs alone (P >
0.99). The addition of antioxidants improved the rate of proliferation such that it was not different to
lean AGEs (P = 0.69), however was still reduced versus no AGEs control (P = 0.035). The rate of
proliferation in the presence of obese AGEs and antioxidants was not different to obese AGE alone or

with metformin (P = 0.40, 0.35 respectively).
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Figure 4.3: Antioxidants but not metformin improve proliferation kinetics of endometrial epithelial
cells exposed to obese AGEs. Adhesion and proliferation kinetics of ECC-1 cells hormonally primed in
the presence of lean (2 uM) or obese (8uM) concentrations of AGEs either alone or obese AGEs further
supplemented with either 100 uM metformin, or a combination of antioxidants. A) Representative
real time cell analysis plot showing cell index over time (n=1 of 6 replicates). B) Cell index (over 1-5 h;
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the period of adhesion) is significantly affected by treatments between 3 and 5 h, neither metformin
nor antioxidants improve the cell index in the presence of obese AGEs. C) While overall significant (P
= 0.05), no effect of any treatment was seen on rate of adhesion (P = 0.13). D) The cell index during
the period of cell proliferation (12-72 h) is reduced by obese concentrations of AGEs at specific time
points. E) Antioxidants improved rate of proliferation of ECC-1 in the presence of obese AGEs such
that rate of proliferation was not significantly different to lean AGEs (P = 0.69). For B-E mean is the
derivative of n=6 biological replicates, data expressed as mean + SEM. Individual data points represent
independent replicates. One-way ANOVA/Kruskal-Wallis: * P < 0.05 vs lean AGEs.

4.3.3 Assessment of endoplasmic reticulum stress
To determine potential mechanisms underpinning AGEs-induced effects, Western immunoblotting

was performed as per standard protocols (section 2.4.1.5) for both CHOP and ATF4, to examine

endoplasmic reticulum stress. Primary antibody concentrations are provided in Table 4.3.

Two biologically independent replicates are available for the Western immunoblot of CHOP
(Figures 4.4 A, 4.4 B, with or without DMSO vehicle respectively), and thus no statistical analysis was
performed. A strong band was observed at approximately 30 kDa, the expected molecular weight of
CHOP. Following quantification of the 30 kDA band, a trend towards reduction of CHOP in the presence
of RAGE antagonism was noted, indication that RAGE signalling may be involved in the ER stress
response in ECC-1 cells (Figure 4.4 A), though further replicates are required to determine the
significance of this effect (not possible due to time restrictions). Western immunoblotting (Figure 4.4
C, D respectively) demonstrated no significant effect of RAGE antagonism on ATF4 (P = 0.40, 0.61
respectively). Metformin and antioxidants may alter the expression of both ATF4 and CHOP. For both
ATF4 and CHOP, multiple bands were observed at higher molecular weights, with the band at the
anticipated molecular weight of the protein of interest used for densitometry analysis. Because of the
outliers in this data, further replication and Western immunoblot optimisation would assist in
interpretation—this was not possible because of my limited time in the laboratory in 2020 due to

COVID-19-related restrictions.
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Figure 4.4: Obesity-associated AGEs and therapeutics may impact ER stress in endometrial epithelial
cells. A, B) Representative Western immunoblot and quantification of CHOP protein abundance in
ECC-1 cells treated with lean and obese concentrations of AGEs and potential therapeutics. C, D) RAGE
antagonism appears to reduce, and metformin and antioxidants increase, expression of CHOP in ECC-
1 cells cultured with obese concentrations of AGEs (A-B). No significant effect was seen on ATF4
expression (C, P = 0.48; D, P = 0.58, one-way ANOVA). B-actin utilised as a loading control and band
intensity normalised to lean AGEs. Data expressed as mean + SEM derived from 2 (A, B) or 3 (C, D)
biologically independent replicates (denoted by individual data points). Density normalised to B actin,
and expressed relative to no AGEs control.

4.3.4 Endometrial stromal cell decidualisation
Only one freshly isolated stromal cell preparation was able to be used for this research, and additional

replicates used frozen isolated stromal cells from previous isolations (bio-banked). It was not possible
to prepare fresh isolations due to the COVID-19 health pandemic. Stromal cells were isolated (Section

2.4.1.2), or thawed, and decidualised for 12 days with 10® M E + 107 M MPA (Section 2.4.1.3), in the
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presence of AGEs equimolar to those in lean and obese uterine fluid (2 uM and 8 uM respectively),
either alone or in the presence of therapeutics (Table 4.2). Only one sample (of 5 separate
preparations) showed evidence of decidualisation (evidenced by increased prolactin secretion, Figure
4.5). In this one culture, obese AGEs (8 uM) increased prolactin release, which was further increased
with FPS-ZM1, and by antioxidants. Given the limited number of stromal cells available, a no-AGEs
control could not be performed. Prolactin levels in conditioned media from the other four stromal cell
cultures was reflective of day 2 secretions (basal) (Azlan et al., 2020, this laboratory). As further
indication of lack of decidualisation in these cultures, morphology did not change from fibroblastic to

the more rounded, cobblestone like appearance expected, with or without AGEs (Antoniotti et al.,

2018).

Due the COVID-19 pandemic, no fresh tissue was available for use (from March 2020,
ongoing), and previously frozen human endometrial stromal cells were utilised for the majority of
replicates (4 out of 5 samples). Their long-term storage in liquid nitrogen is likely to have contributed
to reduced functionality (decidualisation in vitro). In such absence of primary stromal cells, future
experiments could utilise recently developed cell lines such as hESC-PRLY — an immortalised human
endometrial stromal cell line with a yellow fluorescence reporter under the control of prolactin

expression (Haller et al., 2019).
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Figure 4.5: Prolactin released from stromal cells co-cultured with AGEs and therapeutics. Mean *
SEM prolactin (mIU/mL) in conditioned media following 12 days of decidualisation treatment of
human endometrial epithelial cells. Pink symbols represent data from the one preparation that
showed evidence of prolactin secretion. Mean and SEM are derived from 5 biologically independent
replicates, denoted by individual data points. One-way ANOVA.
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4.3.5 Implantation competence: invasion of trophoblast cells
Antoniotti et al. (2018), demonstrated a significant reduction in invasive properties of the first

trimester invasive extravillous trophoblast cell line HTR8/SVneo, in the presence of obese AGEs (8 uM)
in comparison to lean (2 uM) but no effect on migration. Here, remediation of the adverse effects of

AGEs on trophoblast invasion was examined.

HTR8/SVneo cells were cultured for 24 h in the presence of lean and obese concentrations of
AGEs, either alone or supplemented with therapeutics (Table 4.2). Invasion was measured using the
xCelligence system (Section 2.4.1.4.2). Cell invasion through Matrigel (measured as an increase in cell
index, Figure 4.6) was first observed at approximately 36 h, compared to previously reported 24 h
(Antoniotti et al., 2018). Increasing the cell number seeded did not affect the time of invasion (data
not shown). No effect of obese concentrations of AGEs compared to lean were observed in the two
biological replicates performed. Due to limited wells available in the experimental set up, a no-AGEs
control was not performed—the physiological comparison being between lean and obese AGEs.

Further optimisation of this technique is beyond the scope of this thesis.

HTR8/SVneo are reportedly a mixture of stromal and trophoblastic cells which may exhibit
batch to batch variation (Abou-Kheir et al., 2017). It is possible that during their culture, the stromal
phenotype has been promoted, resulting in reduced sensitivity to AGEs. Earlier passages of these cells
could be utilised; however due to time constraints in addition to limited access to human endometrial
stromal cells, it was decided at the outbreak of the COVID-19 pandemic, that my research would be
restructured to focus on the epithelial effects of AGEs only, utilising human endometrial epithelial

organoid culture methodologies recently established in our laboratory.
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Figure 4.6: The published impact of AGEs on trophoblast invasion was not replicated. AGEs
equimolar to the lean (2 uM) or obese (8 uM) uterine fluid did not affect HTR8/SVneo cell invasion
through Matrigel. Co-culture with AGEs and therapeutic interventions likewise did not impact cell
invasion. Mean + SEM cell index over time, n = 2.
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4.4 Discussion and conclusions
The human endometrial microenvironment is significantly compromised by concentrations of AGEs

equimolar to the obese uterine environment. This chapter aimed to neutralise the effects of AGEs on
endometrial cell function by application of therapeutics (Table 4.2) and to further interrogate their

mechanism of action.

Significant issues were encountered with stromal cell decidualisation and trophoblast invasion
experiments as described above. Given the modest benefits of pharmaceutical intervention on
trophectoderm formation and function (Chapter 3), and the difficulties in obtaining fresh endometrial
tissue for stromal cell isolation, the effects of AGEs on stromal cells and the adhesion and invasion of

trophoblast cells were not fully examined, and will not be discussed further in this thesis.

Here, only general functional effects of epithelial cells (adhesion and proliferation) in the
presence of physiologically obese AGEs were examined, and potential therapeutics screened initially
using these general functions. The data suggest that antioxidants mitigate inhibitory effects of high
concentration AGEs on epithelial cell proliferation. Future work could investigate more specific effects
of AGEs on endometrial receptivity and embryo implantation, such as the regulation of tight junctions,
and biomarkers of endometrial receptivity (Chapter 6), and the remedial effects of the therapeutics

identified here.

4.4.1 RAGE antagonism was insufficient to improve endometrial cell outcomes
ECC-1 cells express RAGE (Figure 4.1), providing an appropriate mechanism for AGEs signalling, thus

RAGE antagonism is an appropriate therapeutic strategy. While obese concentrations of AGEs
increased relative protein abundance of RAGE, no therapeutic reversed this effect, and indeed RAGE
antagonism may exacerbate this (Figure 4.1). The rate of proliferation of ECC-1 was reduced when
treated with obese (8 uM) concentrations of AGEs compared to lean (2 uM): the negative rate of
change in cell index indicative of cell senescence and death, or cellular deadhesion from the
fibronectin coated plate (Figures 4.2 and 4.3). Neither metformin nor antagonism of RAGE significantly
improved the rate of proliferation; indeed, the effects of AGEs may be enhanced. Following
antagonism of RAGE, AGEs may be acting preferentially through an alternative mechanism such as
TLR4 (known to be expressed by ECC-1 (Schaefer et al., 2004)), or additional AGE receptors. A multi-
therapeutic approach may be required to normalise endometrial epithelial cell function through
receptor antagonism. Antagonism of TLR4 through an inhibitory peptide (VIPER), proved cytotoxic to
ECC-1 cells (Section 2.4.2.2.1), and inhibition of multiple receptors was unable to be performed. Either
alternative TLR4 inhibitors such as the small molecule antagonist TAK242 or inhibition of different

receptors (i.e. AGE receptor complex 1/0ST-48) could be explored.
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4.4.2 Antioxidants improved ECC-1 cell function in the presence of obese AGEs
Application of a cocktail of antioxidants improved the rate of proliferation of ECC-1 cells in the

presence of obese (8 uM) AGEs to lean (2 uM AGEs) conditions (Figure 4.3 E). Individually, each
component of the antioxidant cocktail has significant anti-AGEs effects, as demonstrated in prior
literature. N-Acetyl-L-Carnitine combats the formation of AGEs both in vitro and in vivo (Rajasekar and
Anuradha, 2007), and reduces diabetic complications including cataract formation in vitro (Swamy-
Mruthinti and Carter, 1999). a-Lipoic acid also helps prevent in vitro formation of AGEs (Ghelani et al.,
2018), and improves intracellular antioxidant (glutathione) production and NFkB activation in the
presence of AGEs (Bierhaus et al., 1997). N-Acetyl-L-Cysteine (NAC) has numerous anti-AGEs effects:
applied at higher concentrations NAC reduces AGEs-induced effects including endoplasmic reticulum
stress and generation of reactive oxygen species (Loske et al., 1998). Clinically, oral NAC significantly
improves urinary and renal function in rats exposed to high dietary AGEs (Thieme et al., 2016). Trials
of individual antioxidants, administered orally or by other means (discussed in Chapter 7) would
elucidate if all three antioxidants are required or if N-acetyl-L-cysteine alone is sufficient to combat

uterine AGEs.

During optimisation (Section 2.4.2.2), concentrations of antioxidants in combination were
trialled at 10-fold higher levels: 100 uM N-acetyl-L-cysteine and N-acetyl-L-carnitine, and 50 uM a-
lipoic-acid. While beneficial at micromolar concentrations to embryo trophectoderm cell proliferation
(Truong et al., 2016), higher concentrations reduce proliferation, migration, and invasion of various
cancer cell lines (Feuerecker et al., 2012; Tripathy et al., 2018). While both these studies use millimolar
concentrations, compared to the micromolar concentrations used in this thesis, increasing the
concentration of a-lipoic-acid may be detrimental to the proliferation of endometrial cancer cells,

possibly resulting in the lack of benefit seen during optimisation.

4.4.3 Mechanisms underpinning the epithelial response to AGEs
As demonstrated in Chapter 3, embryo trophectoderm cells responded to RAGE antagonism, which

was of benefit to trophectoderm formation in the presence of obese concentrations of AGEs; neither
metformin nor antioxidants were beneficial. In contrast, the only therapeutic to improve endometrial
epithelial cell function was the cocktail of antioxidants. Mechanisms of AGEs-induced effects likely
differ between the cell types, and a multi-therapeutic may be required for obese women attempting
to conceive. The beneficial effects of antioxidants imply oxidative stress as a mechanism underpinning
the epithelial response to AGEs, which warrants further investigation. Oxidative stress is a known

effect of AGEs, and may be involved in the development of insulin resistance (Unoki et al., 2007).

Antoniotti et al (2018) identified endoplasmic reticulum stress in the detrimental effect of

AGEs, as phospho-PERK was significantly elevated in decidualised stromal cells exposed to obese
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concentrations of AGEs. Downstream of PERK, endoplasmic reticulum stress response proteins ATF4
and CHOP are upregulated, leading to both mitochondrial and death receptor pathways of apoptosis
(Hu et al., 2019). Following exposure to obese AGEs, an elevation of these proteins would be
consistent with the cellular senescence and deadhesion observed using real time cell analysis
(xCelligence, Figures 4.2, 4.3). However, when compared to lean, obese concentrations of AGEs did
not significantly increase the expression of the ER stress proteins CHOP or ATF4 in endometrial
epithelial cells (Figure 4.4). It is possible that AGEs promote endoplasmic reticulum stress in
endometrial stromal, but not epithelial cells. Further replicates will clarify this data, not possible for
this thesis due to time constraints. In addition, a trend towards increased ER stress proteins by
application of antioxidants and metformin was observed. Metformin can activate the ATF4-CHOP
endoplasmic reticulum stress pathway (Quentin et al., 2012), additionally, blocking of other AGEs
response pathways such as oxidative stress, may lead to alternative effects including endoplasmic

reticulum stress.

4.4.4 The organoid phenomenon: restructure of my experimental paradigm
My supervisor, Dr Jemma Evans, introduced the culture of human endometrial epithelial cell organoids

(hEEO) to the Salamonsen Laboratory at the end of 2019. Considering the substantial effect of obesity-
associated AGEs on ECC-1 cells, | began to use organoids to examine their effect on primary
endometrial epithelial cells. When the difficulties in stromal cell culture and trophoblast invasion
became evident, my research was restructured to make epithelial cell function a major focus of this

research, giving rise to Chapter 5 of this thesis.

4.5 “Take home” message
Obesity-associated AGEs significantly impair endometrial epithelial cell function (adhesion and

proliferation). Antioxidants improved endometrial epithelial cell function, whereas RAGE antagonism
and metformin had no effect. A closer examination of epithelial cell function in primary cells is
required to fully understand the mechanism behind AGEs-induced effects, and subsequently to

develop appropriate therapeutic interventions.
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Chapter 5: Use of human endometrial epithelial organoid culture to

investigate the effects of AGEs on the human endometrial epithelium
Adopting a physiologically representative model for functional assessment

Chapter 4 of this thesis demonstrated mitigation of the effects of obesity-associated AGEs on ECC-1
(adenocarcinoma derived endometrial epithelial cells) proliferation. Here | turn to a new and more
physiologically relevant model, endometrial epithelial organoids, to gain a better understanding of the
effect of AGEs on the primary human endometrial epithelium. Before fully examining functional
effects of AGEs, it was necessary to scale up primary epithelial cell culture and confirm the viability of

these cells to be utilised in real time cell analysis (xCelligence).

5.1 Introduction
A significant limitation of current in vitro modelling systems is the use of cell lines which, while

versatile and readily available, are not necessarily physiologically representative of the healthy in utero
environment. The choice of cell line for experimentation is crucial and must take into consideration
the physiological features of the experimental design, cell line origin, and expression of appropriate
markers (Bazer and Salamonsen, 2008; Hannan et al., 2010; Skok et al., 2020). Primary endometrial
epithelial and stromal cells are currently the most valid system to study the functions of the
endometrium; however, primary human endometrial epithelial cells have limited capacity for
proliferation and passaging in vitro (Varma et al., 1982), and stromal cell phenotypes change with

progressive passage.

Since the early reports of primary human glandular and surface epithelium formation in an
extracellular matrix (Negami and Tominaga, 1989; Rinehart et al., 1988), significant progress has been
made in modelling the human endometrium from progenitor cells, yet the luminal epithelium remains
elusive (Gargett et al., 2012). Recent advances in female reproductive tract organoids provide exciting
new means to culture and examine primary human endometrial epithelial cells (Alzamil et al., 2020).
First derived from both mouse and human endometrium by Boretto et al. (2017) and Turco et al.
(2017), organoids are stable in culture for prolonged periods of time, and are highly responsive to
hormonal stimulation (Fitzgerald et al., 2019; Turco et al., 2017), with recapitulation of phenotypic
changes characteristic of the menstrual cycle (Haider et al., 2019). Human endometrial epithelial
organoids (hEEO) maintain their constituent cells in a stem-like niche, and can differentiate into
epithelial and secretory cells of a glandular nature upon hormonal priming (Fitzgerald et al., 2019).
Furthermore, organoid culture provides a unique opportunity to examine epithelial cells under
pathological conditions such as polycystic ovarian syndrome, carcinomas, and endometriosis (Boretto
et al., 2019; Wiwatpanit et al., 2020), and also to assess individual patient drug responsiveness in a

move towards personalised medicine (Boretto et al., 2019; Girda et al., 2017).
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Extensive research has used endometrial cancer cell lines to model the physiological
endometrial epithelium. Commonly used are ECC-1 and Ishikawa cells. ECC-1 cells are described and
utilised as a model of the luminal epithelium. Whilst hormonally responsive and expressing the surface
epithelial marker Cytokeratin-13 (Mo et al.,, 2006), they are of adenocarcinoma origin, have an
unstable karyotype (Clarke et al., 1987; Mo et al., 2006), and thus are not truly representative of the
healthy endometrial luminal epithelium. Ishikawa cells are also adenocarcinoma derived (Nishida,
2002), and show significant karyotypic abnormalities, including monosomy of the X chromosome
(Kasai et al., 2016). As cancer cell lines are in general genetically unstable and metabolically abnormal,
primary cell validation of results from cell lines would be valuable. As cells within hEEO are highly
proliferative, can be maintained in a stem like state, and have a stable karyotype (Fitzgerald et al.,
2019; Turco et al., 2017), these cells could be used as a more physiologically relevant model to further

investigate the functional effects seen in cell lines.

Organoid cell culture, as recently established for primary human endometrial epithelial cells
by other laboratories (Boretto et al., 2019; Fitzgerald et al., 2019; Turco et al., 2017), enables
maintenance and expansion of primary epithelial cells in culture, with the added benefits of
biobanking. | thus grew epithelial organoids from primary endometrial tissue and confirmed that they
closely resemble those previously published. | further investigated their functional capabilities in
comparison to well-established cell lines ECC-1 and Ishikawa. The advantages of this proved invaluable
especially during the COVID-19 health pandemic (March 2020—ongoing) when endometrial tissue
donations stopped and fresh primary cell isolations ceased, yet the bio-banked cohort of organoids

enabled me to continue my research.

Furthermore, in this chapter | used hEEO to interrogate the effects of obesity-associated AGEs
on primary human endometrial epithelial cells. | hypothesised that AGEs would exert a similar effect
on hEEO to cancer cell lines, altering the functional capacity of these cells. | addressed this by
confirming appropriate receptor expression, cell proliferation, and secretion of inflammatory markers

in the presence of lean and obese AGEs.
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5.2 Methods
This work followed the previously published protocols for the derivation and culture of human

endometrial epithelial organoids (Turco et al., 2018); for detailed methodology see Section 2.5.2. A

brief description of methodologies is provided within the results of this chapter where required

5.2.1 Donor demographics
All donors were of fertile background (> 1 parous pregnancy), with a mean age of 38 years (range 30-

48), and an average BMI of 24.8 kg/m? (range 22-27). Following experimentation, two samples (donors

1 and 3, Table 5.1) were retrospectively identified to have either PCOS or an ovarian cyst.

Table 5.1: Donor characteristics. hEEO were generated from 5 fertile endometrial donors. Age (years),
BMI (kg/m?), cycle phase (histologically determined) and patient reported cycle day at time of
collection are noted. PCOS: polycystic ovary syndrome. (-) No data available. For donors 3-4,
histological dating was unavailable.

Cycle phase (patient
Donor # Age BMI Notes
reported cycle day)
1 34 26 Early secretory (20) PCOS; Normal endometrium
2 42 26 Early-mid secretory (15) Normal endometrium
3 48 27 Not dated (unknown) Ovarian cyst; normal endometrium
4 38 22 Not dated (23) -
5 30 23 Not dated (18) Normal endometrium

5.2.2 Immunohistochemistry
The endometrial epithelial identity of organoids was confirmed using immunohistochemistry. The

standard protocol and optimised antibody concentrations are set out in Section 2.5.1.1 and Table 2.5.

5.2.3 Western immunoblotting
In triplicate wells, hREEO were hormonally primed in organoid expansion medium (ExM, Table 2.4)

either alone or in the presence of AGEs equimolar to the lean (2 uM) or obese (8 uM) uterine fluid,
containing 0.5% csFCS + 107 M E for 24 h and an additional 24 h in EXM containing 0.5% csFCS + 107
M E + 10® M MPA. PBS was used as a vehicle control for AGEs. hEEO were manually disaggregated
from Matrigel, centrifuged at 1000 RCF for 5 minutes, rinsed twice in PBS, and lysed in ice-cold RIPA
buffer. Western Immunoblotting was performed as per Section 2.4.1.5. RAGE antibody conditions are

provided in Table 4.3.

5.2.4 Real time cell analysis (xCelligence)
Ishikawa and ECC-1 were hormonally primed in their respective culture medium (Table 2.2), as per

standard protocols (6 h serum starvation, 24 h basal medium + 0.5% csFCS + 10® M E, and 24 h basal
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medium + 0.5% csFCS + 10% M E + 107 M MPA). hEEO were hormonally primed as for Western
immunoblotting, and dissociated into predominantly single cells for xCelligence analysis of
proliferation (Section 2.4.1.4.1). For xCelligence analysis, 2.0 x 10° cells were seeded per well in their
respective basal medium (MEM, Ishikawa; DMEM/F-12, ECC-1) or advanced (a)DMEM + 10% ExM
(hEEOQ), all supplemented with 1% FCS, and experimental treatments continued. Unless stated
otherwise, ECC-1 and Ishikawa were seeded in technical triplicate, and hEEO seeded in technical

quadruplicate.

5.2.5 Multiplex analysis of organoid secretions (Luminex)
In triplicate wells, conditioned medium was collected from hEEO prior to hormonal priming

(approximately 48 h incubation), following 24 h in ExM supplemented with 108 M E + 0.5 % csFCS and
either lean or obese AGEs, and following 24 hin 108 M E + 107 M MPA + 0.5% csFCS in the continued
presence of AGEs. PBS served as a vehicle control, to represent standard culture conditions.
Conditioned medium from triplicate wells was pooled and assayed for a panel of chemokines and
cytokines in technical duplicate using Luminex technology as described in Section 2.5.1.2, per
manufacturer’s instructions. To account for differences in cell number across samples and treatments
in analysis, each treatment was normalised to the concentration of analyte detected in conditioned

medium from the appropriate basal well, in which no AGEs or hormones were present.

5.3 Results

5.3.1 hEEO maintain morphology and secretory characteristics of donor endometrium
Human endometrial epithelial organoids (hEEO) were paraffin embedded and their endometrial

epithelial identity validated with histological methods (Figures 5.1-5.3). Human endometrial glands
are characterised by predominantly columnar and polarised epithelial cells. H&E staining of hEEO
revealed columnar cells with basally located nuclei as well as some squamous cells (Figure 5.1 A-D).
In addition, hEEO retain secretory characteristics of their donor endometrium (Figure 5.1 E-H), which
shows significant acidic (blue) and neutral (magenta) glandular secretions. Acidic secretions are
evident on the apical surface of the epithelial cells, and neutral secretions appear to be released into
the extracellular matrix of the epithelial and stromal compartments, in addition to the lumen of the
gland. Some acidic secretions are evident in the stromal compartment. The hEEO demonstrate
significant acidic secretions into the lumen of the organoid. Some neutral secretions are evident,
however, neutral mucins detected external to the organoid may be residual Matrigel. Agar from the

fixation process has stained pale blue external to the organoid.
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Figure 5.1: Human endometrial epithelial organoids retain morphological and secretory
characteristics of donor endometria. Organoid cells (B, D) exhibit a combination of squamous (white
arrow) and columnar (black arrow) morphology similar to their respective donor endometrium (A, C)
as visualised with H&E. Both donor endometrium (E, G) and organoids (F, H) show discrete regions of
neutral (white arrow), and acidic (black arrow) secretions. Staining on the basal edge of organoid
sections may be a result of remaining Matrigel. Acidic secretion staining is strongly localised in the
apical membrane and lumen of both organoids and donor endometrium. Scale bars represent 50 um.
Two independent representative samples are shown.

5.3.2 hEEO maintain endometrial epithelial cell characteristics

Immunohistochemistry compared hEEO and matched donor endometria expression of epithelial
markers and cell proliferation. Epithelial glands express cytokeratin 7, which is conserved in the hEEO,
however this was not at a consistent level with the donor endometrium: some hEEO showed more
intense immunostaining, whereas others displayed reduced immunostaining in comparison to donor

tissue (Figure 5.2 A-D).
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PCNA was immunolocalised to the nucleus of the endometrial stromal and epithelial cells, and the

nucleus of hEEO cells, confirming the proliferative nature of these cells (Figure 5.2 E-G).

Figure 5.2: hEEO contain proliferating cells of epithelial identity. Cytokeratin 7 was immunolocalised
the endometrial glandular (black arrow) and luminal epithelium (white arrow) of the donor
endometrium (A, C). Staining was identified in the cytoplasm of hEEO (B, D). In the donor
endometrium (E, G), PCNA was identified in the nucleus of epithelial (black arrow) and some stromal
(white arrow) cells. Some, but not all nuclei of the hEEO, were positive for PCNA immunostaining (F,
H). Scale bars represent 50 um, inserts are isotype controls. Two independent representative samples
shown.

5.3.2.1 hEEO express hormone receptors characteristic of the human endometrium
Donor endometria strongly express the receptors for estrogen (ERa) and progesterone (PR) in the
cytoplasm and nuclei of epithelial cells and stromal fibroblasts. Cytoplasmic expression is maintained

in hEEO cells (Figure 5.3). When activated, ERa translocates to the nucleus, evident in the epithelial
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and stromal cells of the endometrium. Activation is not observed in the hEEO. Immunoreactive PR is
evident in the nuclei epithelial and stromal cells of the human endometrium, but is absent in the hEEO

(Figure 5.3 E-H).

Figure 5.3: Organoids derived from human endometrial epithelial cells maintain appropriate
mechanisms to respond to hormones of the menstrual cycle. The human endometrial epithelial and
stromal cells express the estrogen receptor (ERa; black arrow; A, C). Upon activation the receptor
translocates to the nucleus (white arrow). hEEO (B, D) express ERa within the cytoplasm of the
epithelial cells. There is no evidence of receptor activation. Progesterone receptor is upregulated by
estrogen and the activated receptor is immunolocalised in the nucleus of the luminal (open arrow)
and glandular (black arrow) epithelial cells, and in the stromal cells (white arrow) of the human
endometrium (E, G). Activated progesterone receptor did not immunolocalise in hEEO (F,H). Two
independent representative samples shown, isotype controls are in inset. Scale bars represent 50 um.
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5.3.3 hEEO maintain appropriate mechanisms by which to respond to AGEs and have limited
prior exposure to endometrial AGEs
Before treatment of hEEO with AGEs, the presence of appropriate receptors was confirmed with

immunohistochemistry (Figure 5.4). RAGE was immunolocalised to the luminal and glandular
epithelium, and the stromal cells of the human endometrium, as reported previously (Antoniotti et
al., 2018). Some staining was also noted on the maternal blood vessels. RAGE was identified
predominantly on the apical membrane of hEEO, but limited basal staining was observed. Some non-
specific staining was evident in residual Matrigel. TLR4 was immunostained strongly throughout the

endometrium, and similarly in the hEEO.

N-e-Carboxymethyl lysine (CML) was immunolocalised throughout the lean and obese
endometrium (Antoniotti et al., 2018). Strong immunostaining was observed in obese endometrium
that was retrieved from the archive (Figure 5.5 B; positive control). However limited or no
immunostaining for CML was identified in the donor endometrium of this cohort, and no staining
identified in the hEEO either (Figure 5.5 C-F). All donor women had a BMI less than 30 kg/m?, so
significant staining is unlikely, however a greater extent was expected as the lean endometrium used
as a control also demonstrated immunostaining for CML. As AGEs can impact epigenetic markers,
potentially altering gene expression, low prior exposure of these epithelial cells to AGEs will prevent

any confounding impacts during functional assessment.
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Figure 5.4: Expression of AGEs receptors by hEEO. RAGE (A, C) and TLR4 (E, G) are both
immunolocalised in the human endometrium. RAGE is immunolocalised in the glandular epithelium
(black arrow), stroma (white arrow), and maternal blood vessels (open arrow). TLR4 is stained strongly
in the glandular epithelium and moderately in the stromal compartment of donor endometria. RAGE
isimmunolocalised on the apical membrane of hEEO (B, D), and TLR4 immunolocalisation is continued
in organoid culture (F, H). Two independent representative samples shown. Isotype control inset.
Scale bars represent 50 um.
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Figure 5.5: Carboxymethyl lysine immunolocalisation in donor endometrium and hEEO. In the lean
(A) and obese (B) endometrium retrieved from the archive, CML is immunolocalised to the
endometrial stromal cells (white arrow), the glandular epithelium (black arrow), and maternal blood
vessels (open arrow). Very limited staining was evident in the donor endometrium (C, E) for organoid
cultures, and no staining evident in the hEEO (D, F). Two independent representative images shown.
Isotype control inset; scale bars represent 50 um.

5.3.4 Epithelial cells derived from hEEO have a distinct kinetic profile compared to commonly
used cancer cell lines
Using the xCelligence real time cell analysis system (ACEA biosciences), | confirmed that hEEO-derived

epithelial cells can be used to examine adhesion and proliferation of primary epithelial cells on

fibronectin; however, they display distinct kinetic characteristics in comparison to commonly used
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endometrial epithelial cancer cell lines (Figure 5.6). Initially, | tried monolayers of hEEO-derived
epithelial cells that continued pan-cytokeratin expression (data not shown) and showed morphology
similar to freshly isolated primary endometrial epithelial cells. However, following freeze-thaw of
hEEO, it was difficult to maintain them in healthy monolayers. | thus elected to treat the endometrial
epithelial cells as intact organoids within the Matrigel dome; hEEO were then manually dissociated
from Matrigel and washed twice in aDMEM before dissociation into an approximately single cell
solution via manual repetitive pipetting. Cells were seeded and analysed by xCelligence as per section
2.4.1.4 in aDMEM containing 10% ExM (Table 2.4) and 1% FCS. To allow comparison with independent
models of endometrial epithelial cells, Ishikawa and ECC-1 cells were hormonally primed following
standard protocols, and seeded for xCelligence in their respective culture medium supplemented with
1% FCS (Table 2.2). Five biologically independent hEEO were analysed, and 3 biological replicates of

ECC-1 and Ishikawa were assessed. Experiments were performed in technical quadruplicate.
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9.0 1
7.0 1
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Cell Index

3.0

1.0

-1.0

0.0 12.0 240 36.0 48.0 60.0 720
Time (h)

Figure 5.6: Proliferation kinetics of hEEO and cancer cell lines. Representative graph of cell index over
time for n = 1 representative for ECC-1 (black) and Ishikawa (pink), and n =3 hEEO derived cells (green)
under their individual growth conditions. hEEO derived cells exhibit proliferation kinetics distinct from
cancer cell lines. Kinetic profiles were similar for biologically independent n=5 hEEO derived cell
cultures and n=3 for each cancer cell line.

Under their own standard growth conditions, each type of epithelial cell exhibits a different
kinetic profile as determined by real time cell analysis, highlighting the differences between carcinoma
cell lines and primary cells (Figure 5.6). Ishikawa tend to exhibit a higher cell index across time, but
show a similar growth pattern to ECC-1 cells. In contrast, hEEO derived epithelial cells show an
extended lag phase of growth, up to approximately 16 h, before entering the exponential log phase of

cell growth. After approximately 48 h, the cells enter a stationary phase of growth before undergoing

senescence and cell death as exhibited by the reduction in cell index. However, this may be due to
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cellular deadhesion from fibronectin, and could be confirmed by apoptosis assays. Evidently, once
dissociated from organoid culture, the reduced concentration of growth factors maintained in the

medium (10%) is able to support finite proliferation but unable to prevent eventual cell senescence.

5.3.5 Obesity associated AGEs do not affect receptor expression
Co-culture of intact hEEO with AGEs representative of the lean or obese uterine fluid throughout

hormonal priming did not impact the expression of RAGE relative to no AGEs (standard culture
conditions; Figure 5.7; P =0.38). Upon development of the Western immunoblot, a clear, strong band
was identified at approximately 45 kDa, the expected size of RAGE, and was used for densitometry
analysis. Two bands were identified at approximately 200 kDa, not observed in cell line protein
preparations. This may be a protein complex formed within primary epithelial cells and not in ECC-1,

and represents an avenue for future investigation. No other clear bands were observed.
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Figure 5.7: AGEs do not impact hEEO expression of RAGE in culture. hEEO were hormonally primed
in the presence of lean or obese AGEs. PBS served as a vehicle control for AGEs to represent standard
culture. Co-culture with AGEs equimolar to the lean (2 uM) or obese (8 uM) uterine fluid did not
significantly impact the expression of RAGE (One-way ANOVA: P = 0.38). Mean = SEM derived from 4
biologically independent samples, denoted by individual data points.

5.3.6 Obesity associated AGEs impact organoid functions

5.3.6.1 Gross organoid morphology is not impacted by AGEs
hEEO derived epithelial cells were further examined for adhesion and proliferation in the context of

obesity-associated AGEs. Throughout hormonal priming in the presence of lean and obese
concentrations of AGEs, hEEO did not appear adversely affected by AGEs following visual examination

of morphology in the Matrigel droplet (Figure 5.8). There was no obvious disruption in organoid
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structure, or accumulation of debris within the lumen, following the application of lean and obese

concentrations of AGEs.

Figure 5.8: Morphology of hEEO exposed to obesity-associated AGEs. hEEO were grown in Matrigel
domes and hormonally primed in the presence of lean (2 uM) or obese (8 uM) AGEs. PBS was used as
a vehicle control to represent standard culture conditions. Hormonal priming of hEEO increased
observable number of hEEO. Exposure to elevated AGEs did not impact morphology of hEEO within
the Matrigel culture droplet following treatment with E, or E + MPA. Increased AGEs appeared to
somewhat increase the observable number of hEEO. Morphology was consistent across 5 biologically
independent replicates. Representative images from one biological replicate taken at 4x
magnification.

5.3.6.2 AGEs equimolar with the obese uterine fluid impact the proliferation of organoid derived
epithelial cells
Intact hEEO were hormonally primed and treated with physiologically lean and obese AGEs, and PBS

used as a vehicle control for AGEs. Organoid derived epithelial cells exhibited altered proliferation
kinetics in the presence of obese concentrations of AGEs (Figure 5.9). Most organoid derived cells
proliferated between 12 and 48 h. Cell index was normalised to no AGEs control at each time point of
interest (Figure 5.9 A); at 12 and 24 h, a trend towards increased cell index in comparison to no AGEs
control and lean AGEs was observed, though this did not reach significance (P = 0.65, 0.75

respectively). The rate of proliferation was altered for each sample (Figure 5.9 B) though overall this
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did not reach significance (P = 0.75). Three of 5 samples exhibited an increased rate of proliferation in
the presence of obese AGEs (8 uM) versus lean AGEs (2 uM) and no AGEs control. In two samples
(Donors 1 and 3), the rate of proliferation was reduced versus lean and no AGEs; these samples were
retrospectively identified to have been derived from women with either PCOS or an ovarian cyst (Table

5.1).

When examined individually (Figure 5.9 C), organoid derived epithelial cells show a distinct
response to obese concentrations of AGEs compared to lean, which is not evident in the combined
data. As these represent only one biological replicate, performed in technical quadruplicate, no
statistical analysis was performed. Donors 2, 4, and 5 exhibited a higher cell index in the presence of
obese AGEs versus lean AGEs. Only donors 1 and 3 exhibited a lower cell index in the presence of

obese AGEs versus lean.

Each individual donor culture demonstrated a unique kinetic profile (Figure 5.9 C). The rate of
proliferation (steepness of the curve) and maximum cell index varied significantly between donors,
highlighting the inherent variation in human samples. The rate of proliferation was reflected in the
duplication of organoids in culture (visual observation during routine hEEO maintenance, no data
shown). Future work could quantify this rate of duplication, and the effects of hormonal priming and

AGEs by use of time-lapse microscopy (not available during my candidature).
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Figure 5.9: Obesity-associated AGEs may influence the proliferation of organoid derived human
endometrial epithelial cells. A) Mean + SEM relative cell index across the period of proliferation (12-
48 h), normalised to no-AGEs control, derived from n = 5 biologically independent replicates
performed in experimental quadruplicate. Individual dot points derived from independent replicates,
analysed by One-way ANOVA. Cell index relative to no AGEs control (standard culture conditions;
black) was not significantly impacted by lean (2 uM; pink) or obese AGEs (8 uM; green) at 12 h (P =
0.65), 24 h (P =0.75),36 h (P =0.80), and 48 h 24 h (P = 0.71). B) Rate of proliferation normalised to
no AGEs control. Each point represents the mean of a biologically independent replicate, performed
in experimental quadruplicate. Lines connect data points from the same donor. For 3 of 5 samples,
obese AGEs increased the rate of proliferation relative to no AGEs control and lean AGEs. For 2
samples, obese AGEs reduced the rate of proliferation. C) Individual donor epithelial cell proliferation
curves from which A and B were determined, show significant inter-donor variation. Mean + SEM
(shaded area) cell index over time, derived from one biological replicate, performed in technical
quadruplicate.
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5.3.6.3 Obesity associated AGEs affect hEEO secretion of chemokines and cytokines

Under basal conditions (ExM only), hEEO secrete numerous factors, interleukin 8 (IL-8) being the most
abundant (approximately 3 ng/mL present in conditioned media). Of all the analytes, placental growth
factor (PLGF) was the only one not detected in any sample. Very limited secretion of IL-17A was
detected (maximum detected 0.5 pg/mL). Detected analyte concentrations in conditioned medium

are provided in Table 5.2.

Secretions following hormonal priming in E and E + MPA were normalised to basal, to account
for differing cell numbers within cultures, and are expressed as percent of basal (Figure 5.10).
Application of obese AGEs (8 uM) significantly increased the secretion of CXCL-16 (Figure 5.10 B) in
comparison to vehicle control following treatment with E (P = 0.04) and with E + MPA (P = 0.03), but
not in comparison to lean (P = 0.08 for both). For most analytes, a clear and distinct trend towards
increased secretion was evident in the presence of obese AGEs for example: I1L-10 (P = 0.07; Figure
5.10 F), and TNF-a (P = 0.06; Figure 5.10 I) with the exception of IL-1B, IL-17A, VEGF-A, and GCSF
(Figure 5.10C, G, H, and J). The P—value for the effect of AGEs on secretion for each analyte is provided
with Figure 5.10.
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Figure 5.10: The secretion of chemokines and cytokines from hEEO is impacted by obesity-
associated AGEs. Mean (%) £ SEM cytokine secretion from n =5 hormonally primed hEEO, normalised
to basal conditions Individual data points derived from independent replicates. P-value indicates
effect of AGEs detected by two-way ANOVA. Application of AGEs equimolar to the obese (8 uM)
uterine microenvironment significantly increased the secretion of CXCL-16 (B) in comparison to
vehicle control (PBS, 0 uM) following 24 h hormonal priming in E + AGEs (P = 0.04), and 24 hin E +
MPA + AGEs (P = 0.03). The increase in comparison to lean (2 uM) approached significance following
E (P =0.08) and E + MPA (P = 0.08). No significant effect of AGEs on the secretion of CXCL-6 (A; P =
0.37), IL-1B (C; P = 0.20), IL-6 (D; P = 0.44), IL-8 (E; P = 0.11), IL-10 (F; P = 0.07), IL-17A (F; P = 0.35),
VEGF-A (H; P =0.57), TNF-a (I; P = 0.06), and GCSF (J; P = 0.53) was detected. *P < 0.05.
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5.4 Discussion and conclusions
The functions of primary human endometrial epithelial cells are notoriously difficult to study in vitro,

as these cells do not proliferate well and cannot be passaged many times; thus, endometrial cancer
cell lines are widely used as a proxy to examine physiological functions of this cell type. | have
presented evidence that endometrial epithelial cells derived from organoids can be readily expanded
and used to examine cellular functions in a more physiologically relevant manner, and have explored

the effects of obesity-associated AGEs on human endometrial epithelial organoids.

5.4.1 Organoid culture: the future of cell line research?
Organoid culture has previously been described for this cell type and examined in some detail (Boretto

et al., 2017; Fitzgerald et al., 2019; Turco et al.,, 2017). My independent reproduction of these
methodologies validates and demonstrates the robust nature of such organoids, which is essential in
this era of international collaboration that requires scientific rigour and reproducibility of
methodologies. The organoids generated in this study appear similar to those of previous studies in
terms of their morphology, secretion, and hormone receptor expression. In this study, no hormonal
priming was performed before validation, and as such ERa is not activated in the hEEO, and
progesterone receptor is not upregulated (Figure 5.3). Other work in our laboratory showed that
progesterone receptor is present following an extended period of hormonal priming (Figure 2.13).
Retention of similar characteristics to donor endometrium by hEEO, highlights their physiological
representation of the human endometrial epithelium. As the organoids presented here are highly
secretory, supported by histological examination and Luminex analysis, they are likely to provide a
physiologically meaningful model to study endometrial glandular secretions in vitro, allowing greater

insight into secretory contributions to the complex uterine fluid microenvironment.

Previous studies have focussed on the use of hEEO for modelling the human endometrium
and investigating maternal-fetal interactions in a 3D manner in combination with human endometrial
stromal cells and trophoblast organoid culture (Abbas et al., 2020; Haider et al., 2018; Turco et al.,
2018). This thesis suggests an additional important application of hEEO: to provide sufficient primary

epithelial cells to confirm and build upon knowledge gained thus far using cancer cell lines.

Although hEEO are more physiologically representative of the healthy endometrium than
adenocarcinoma-derived Ishikawa and ECC-1, they are still an ex vivo model and have their own
limitations. The inclusion of numerous growth factors and signalling inhibitors maintains the cells in a
stem-like state, they are therefore not fully differentiated epithelial cells. By necessity, these hEEO are
also generated from predominantly glandular epithelium, and therefore may not be representative of
the luminal epithelium, a caution that must be applied when interpreting results and investigating

embryo attachment.
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Whilst organoid culture will likely result in alterations to human endometrial epithelial cells
on a phenotypic or epigenetic level, their physiological relevance is arguably greater than cell lines
when not investigating a disease phenotype. Cancer cell lines remain a valuable tool in examining
disease related cellular functions, but as demonstrated here, hEEO derived cells provide a more
sophisticated way to examine normal physiological functions of the human endometrial epithelium
with particular relevance to fertility and endometrial receptivity. Furthermore, intact organoids
contain polarised epithelium which is lost on dissociation into single cells until these are grown to
confluence. The caveat remains that organoid culture is an artificial, in vitro system, primarily
representative of glandular rather than luminal epithelium, and the application of growth factors and
signalling inhibitors may alter the functions of these epithelial cells from those in vivo. After confirming
that hEEO maintain appropriate mechanisms to respond hormonal stimulation and to AGEs (Figures

5.3 and 5.4), | used hEEO to examine the impacts of obesity-associated AGEs on these cells.

5.4.2 AGEs influence function but not morphology
The morphology of hEEO within the Matrigel culture droplet is not noticeably affected by exposure to

obese concentrations of AGEs (Figure 5.8). Given that AGEs can affect stem cell differentiation (Kume
et al., 2005), it was anticipated that AGEs may affect differentiation or the ability of the cells to
maintain their stem-like nature in organoid culture. No such effect was observed. Ultrastructural
investigation would provide microscopic detail on cellular morphology which may provide more
information. While in organoid culture for hormonal priming, hEEO are exposed to numerous growth
factors; notably, N-acetyl-L-Cysteine (NAC), which can mitigate the effects of AGEs on other cell
processes (Thieme et al., 2016; Wang et al., 2016), including endometrial epithelial cell proliferation
(as demonstrated in Chapter 4), which may explain why detrimental effects of AGEs were not observed
on intact hEEO. Once dissociated from hEEO, the epithelial cells are exposed to reduced levels of

growth factors (maintained in 10% of original concentration).

As demonstrated in Chapter 4, ECC-1 exhibit a reduced cell index over time when exposed to
obese AGEs in comparison to lean, and a negative rate of proliferation indicative of cell senescence
and apoptosis, which was mitigated by application of antioxidants. In contrast, obese concentrations
of AGEs impact the proliferation of the hEEO derived epithelial cells, increasing cell index between 12
and 48 h for 3 of 5 biologically independent samples (Figure 5.9). This is reflected in an elevated higher
rate of proliferation during the log phase of growth (approximated as 12-48 h). For the other 2
samples, obese AGEs reduced the rate of proliferation compared to lean, highlighting the biological
variation of such human samples. Because of the distinct growth kinetic profiles, a direct comparison
to the effects of AGEs on ECC-1 cannot be made. Further, while proliferation of hEEO derived epithelial

cells can be used to draw preliminary conclusions and provide “proof of principle” evidence regarding
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the functional impact of AGEs on primary endometrial epithelial cells, this process is not yet fully
understood and requires further investigation. Given these discrepancies in data between primary
endometrial epithelial cells and cell lines, selection of the most physiologically appropriate model for
use is clearly important; if possible, validation of cell line data in a primary model should always be

performed.

5.4.3 Potential mediators of the differential response to AGEs in primary endometrial epithelial
cells
Limited effects were noted on hEEO morphology, cytokine secretion, and proliferation following

exposure to AGEs that are physiologically representative of the obese uterine fluid. Given the
magnitude of the effect of AGEs on cell index and proliferation (Figure 4.3), anti-AGEs components of
the organoid expansion medium (ExM) were considered. As mentioned above, NAC is maintained at
1.25 mM in ExM (Turco et al., 2018; Table 2.4), which may neutralise effects of AGEs during hormonal
priming. ExM is diluted to 10% during functional analysis, containing a final concentration of 125 uM
NAC, which is still more than 10-fold greater than the cocktail used in Chapters 3 and 4 of this thesis
(10 pM). This high concentration of NAC may have mitigated the effects of AGEs on hEEO. Future
studies in which organoids are co-cultured in obese concentrations of AGEs plus decreasing doses of

NAC should provide clarity on AGEs-induced effects and the protective role of this antioxidant.

RAGE was immunolocalised to the apical membrane of cells within hEEO (Figure 5.4). In vivo,
AGEs from the uterine fluid would be present at the apical surfaces of the luminal and glandular
epithelium. However, hEEO are spherical structures with the apical surface facing internally towards
the lumen. In vitro, AGEs are added to the culture medium and not into the lumen of the hEEO, and
will most likely interact with the basal surface of the epithelial cells, where minimal RAGE is present.
Whether solubilised AGEs, such as those present in uterine fluid, can pass through cells or through
tight junctions is not known. TLR4 is localised throughout the hEEO, and would provide a mechanism
for these AGEs to interact with the epithelial cells; indeed, TLR4 appears elevated in the hEEO
compared to donor tissue (Figure 5.4), and if validated through quantitative methodologies, this would
provide increased receptor availability for AGEs’ binding. The ECC-1 cells used in this experimentation
were non-polarised and AGEs in the culture medium would be able to interact with RAGE more readily
than in the hEEO. Activation of TLR4 increases the proliferation and migration of other epithelial cell
types (Eslani et al., 2014); as such, preferential activation of TLR4 may explain the elevated rate of
proliferation in the presence of obese concentrations of AGEs rather than the significant reduction

observed in ECC-1 cells.

Significant biological variation was noted during real time cell analysis, with two samples

exhibiting reduced proliferation of hEEO derived cells following exposure to obese concentrations of
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AGEs versus lean, whereas all other samples showed an increased rate of proliferation. To assess
factors which may result in this variation, the patient history was re-evaluated. All samples were
obtained from women with a history of fertility, within a similar age range, and had a BMI below 30
kg/m? (Table 5.1). Retrospective assessment of patient history revealed that one patient had PCOS,
and one showed evidence of an ovarian cyst. PCOS is known to affect serum levels of AGEs (Diamanti-
Kandarakis et al., 2005); the influence of PCOS on uterine AGEs is unknown but may contribute to this
altered functional response of hEEO derived cells. Further, the altered expression of hormonal
receptors in the endometrium of PCOS patients (Quezada et al., 2006) may influence the functional
response of hEEO to hormonal priming and elevated AGEs. Similarly, the ovarian cyst may impact the
hormonal milieu in the endometrium and have functional consequences for the epithelial cells
isolated from this sample. In the future, an increased sample size will help clarify trends within the
data presented here; this was not possible due to COVID-19 restricting human endometrial tissue

collections in 2020 and 2021.

In addition to patient history, the AGEs content of donor endometrium was assessed using
immunohistochemistry to determine whether any sample contained excess AGEs which may influence
the functions of isolated cells. No donor endometrium exhibited strong immunostaining for CML
(Figure 5.5). Furthermore, no hEEO cultures demonstrated immunostaining for CML. This was as
expected; since hEEO continuously remodel and are passaged frequently there is limited extracellular
matrix present for a prolonged period of time, on which AGEs could be formed. These results
demonstrate it is unlikely that prior exposure to elevated AGEs in vivo will have influenced the results

of these experiments.

Given that no donor had a BMI over 30 kg/m?, intensive immunoreactive CML was not
expected; however even the lean endometrium has previously demonstrated significant accumulation
of CML (Antoniotti et al., 2018). It was therefore surprising that such limited staining was observed in
these samples (Figure 5.5). Indeed, it was not anticipated that five donors, including one with PCOS,
to have no CML accumulation in endometrial tissue. Of note, positive controls utilised were archival
tissue samples and long-term storage may affect the glycation of proteins. Given the difficulties
involved in investigating post-translational surface modifications of proteins, identifying the optimal
storage conditions, such as in a desiccated environment or removed from oxygen, must be considered
in planning experimentation (Haragan et al., 2020). It is also possible that the heat intensive antigen
retrieval may further modify glycation products, such as the earlier Amadori products (representative
of the mid-way point of the glycation process), leading to immunohistochemical artifacts (Hayashi et
al., 2002). The benefit of archival or bio-banked tissue for human research cannot be understated;

however future prospective studies on endometrial AGEs should utilise snap-frozen and OCT
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embedded samples which do not require heat-induced antigen retrieval, to prevent such artifact
formation. In addition, with archival tissues, processing of samples will be impacted by inter-staff
variation, and minor amendments to protocols over the years of sample collection. Variations in the
timing of fixation from specimen fixation can affect the glycosylation of proteins in mouse samples,
this is likely also the case for human tissue (Donczo et al., 2019), although our laboratory takes great
care over this. The endometrial tissue for derivation of organoids was freshly collected and fixed, while
the positive controls were archival; it is possible the immunohistochemistry protocol for freshly

collected specimens may need to be re-optimised, not possible in the time of my candidature.

5.4.4 Obesity associated AGEs may lead to a pro-inflammatory environment adverse to
establishment of a healthy pregnancy
Antoniotti et al. (2018) identified that the obese uterine microenvironment was highly pro-

inflammatory. Elevated AGEs within the obese uterine microenvironment may stimulate endometrial
epithelial cell contributions to the inflammatory milieu of the uterine fluid (Hannan et al., 2011), and
peripheral AGEs may further affect the cytokine profile of the uterine fluid. Separating the local and

systemic contributions will require significant further work.

To the best of my knowledge, prior to the work described here, limited information was
available on the secretions from hEEO. Human endometrial epithelial cells are highly secretory (Fahey
et al., 2005), and using multiplex analysis of the hEEO conditioned media | have provided evidence
that hEEO maintain this secretory capacity, and that obesity-associated AGEs modulate their
secretions (Figure 5.10). Given the significant contribution of inflammation to the progression of the
menstrual cycle (Azlan et al., 2020; Evans and Salamonsen, 2012), and human fertility (Edgell et al.,
2018; Fitzgerald et al., 2016), the secretory nature of hEEO provides an new opportunity to more
closely examine the epithelial contribution to the uterine immune environment in an experimental
setting, particularly given that hEEO can be derived from both fertile and infertile women (the latter
not used in this study). The cytokines detected within the hEEO conditioned media clearly
demonstrate an immunomodulatory effect of AGEs; further impacts may be detected within the

luminal fluid of the hEEO which will contain cytokines secreted apically into the lumen.

Cytokines and chemokines play varied and complex roles in embryo implantation and pregnancy
(Chavan et al., 2017; Dimitriadis et al., 2005); the regulation of preimplantation embryo development,
fetal development, and placentation, are highly sensitive to growth factors and cytokines in vitro
(Gurner et al., 2020; Jackson et al., 2012) and in vivo, with a delicate balance between cytokines
beneficial to the embryo and ‘embryotoxic’ cytokines required for the appropriate development and

selection of a viable embryo (Robertson et al., 2018). Chapter 3 of this thesis has linked obesity-
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associated AGEs with reduced placentation potential, and the increase in cytokine release induced by

AGEs may provide further mechanisms by which their detrimental effects on fertility are exerted.

All cytokines and chemokines assayed, with the exception of PLGF (present in the uterine fluid
and important for embryo development (Binder et al., 2016)), were detected in hEEO conditioned
media without application of hormones or AGEs (Table 5.2). Elevated serum IL-17A may be related to
failed implantation in infertile women following ART (Crosby et al., 2020); however minimal IL-17A
was detected in hEEO conditioned media. Across hormonal priming, obese AGEs elevated the
secretion of the other chemokines and cytokines, with CXCL-16 being significantly increased compared
to standard culture conditions (Figure 5.10 B). IL-8, IL-10, IL-1B, and TNFa were also somewhat but
non-significantly elevated in the presence of obese AGEs. Whilst inflammation is an essential
component of the menstrual cycle, excess AGEs may overstimulate this process, leading to a non-
receptive cycle: for example IL-8 is elevated in the uterine fluid of infertile women (Edgell et al., 2018).
Regrettably, it was not possible to increase the n-values for these analyses due to COVID-19, but if

more samples were included, many of the trends in cytokine levels may become significant.

IL-1B in uterine fluid at the time of embryo transfer is negatively correlated with pregnancy
(Boomsma et al., 2009), strengthening the assertion that AGEs-induced inflammation may lead to non-
receptivity. Intriguingly, IL-1B was not detected in the proliferative phase uterine fluid of fertile
women, was detected only at low concentrations (2.3 + 1.3 pg/mL) in idiopathic infertile women
(Fitzgerald et al., 2016), and was not detected in uterine fluid when examined by Hannan et al (2011).
In this study, IL-1B was non-significantly elevated by obese AGEs following treatment with estrogen
(the primary hormonal driver of the proliferative phase), and was detected at a similar concentration
in hEEO conditioned medium to uterine fluid concentrations reported in Fitzgerald et al. (2016). In
contrast, the concentration of IL-10 in hEEO conditioned medium is far greater than previous reports
of uterine fluid (Boomsma et al., 2009; Fitzgerald et al., 2016; Hannan et al., 2011), potentially due to

a different secretory response from that in vivo.

TNFa, non-significantly elevated by the application of obese AGEs (Figure 5.10 1), is produced
to a greater extent by immune cells from women experiencing conditions including recurrent
spontaneous miscarriage and preeclampsia, versus normal pregnancy (Azizieh and Raghupathy, 2015).
However, Boomsma et al. (2009) report a positive correlation with clinical pregnancy following
embryo transfer, a difference perhaps in peripheral immune cell function and endometrial secretions.
AGEs are known to increase the secretion of IL-6 from trophoblast cells, in a TLR4 dependent manner
(Shirasuna et al., 2016), and it is known to be present in the uterine fluid (Hannan et al., 2011), and is

somewhat elevated in uterine fluid from idiopathic women versus fertile during the proliferative
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phase of the menstrual cycle (Fitzgerald et al., 2016). However, no effect of AGEs was demonstrated

on the IL-6 secretion from endometrial epithelial cells in this study.

CXCL16, elevated in the plasma of obese individuals (Lopes et al., 2018; Ribeiro et al., 2017), was
detected in the hEEO conditioned media and significantly elevated by obese AGEs. CXCL16 has several
roles within the maternal-fetal interface and pregnancy (review: Shi et al., 2020), including stromal
cell decidualisation, spiral artery remodelling, and trophoblast invasion and migration. First trimester
trophoblast secreted CXCL16 in culture, and exogenous CXCL16 increased the proliferation and
invasion of primary first trimester trophoblast cells in a dose dependent manner (Huang et al., 2006).
CXCL16 is further implicated in pathologies of pregnancy: CXCL16 expression is reduced in the decidua
and trophoblast villi from spontaneous abortion versus normal pregnancy; in addition less CXCL-16 is
released from the decidua and trophoblast from spontaneous abortion (Mei et al., 2019). Conversely,
some studies have demonstrated elevated serum CXCL16 in women experiencing preeclampsia (J. W.
Shi et al., 2020; Tok et al., 2019), a pathology disproportionately affecting obese women (Roberts et
al., 2011). Given the roles of this chemokine in pregnancy, the effects of AGEs may lead to abnormal

placentation.

Clinically, cytokines examined here are associated with poor pregnancy outcomes. In addition,
IL-6, IL-1B, and IL-8 are associated with preterm birth (Lyon et al., 2010). These studies, supported by
the AGEs-induced alteration in cytokine secretion, lend further credence to elevated AGEs impacting
clinical outcomes. Other cytokines, chemokines, and growth factors not examined here are known to
impact embryo development and uterine receptivity; for example, the TGF-B superfamily (Jones et al.,
2006) and leukaemia inhibitory factor (LIF) (Paiva et al., 2009). Given this preliminary foray into the
complex immune environment of the uterine fluid demonstrated significant effects of AGEs, a broader
examination of their effect on immune moieties is of significant interest. Human pregnancy begins
with the highly inflammatory process of embryo implantation, an evolution of inflammatory
attachment, while gestation occurs in an anti-inflammatory environment (Griffith et al., 2017). Altered
maternal inflammation, associated with conditions such as preeclampsia or infection during
pregnancy, impacts offspring development (Goldstein et al., 2020; Han et al., 2021). Given the immune
requirements for embryo implantation and pregnancy are temporally regulated (Griffith et al., 2017),
it would be of interest to examine whether there are correlations between pre-pregnancy uterine

AGEs and serum inflammatory markers across gestation.

5.4.4.1 Potential fertility limiting effects of AGEs induced inflammation
This research clearly demonstrates that AGEs within the obese uterine microenvironment stimulate

endometrial epithelial cell contributions to the inflammatory milieu. Epithelial gland secretions are

fundamental to blastocyst development and in the first trimester of pregnancy before the switch from
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histotrophic to haemotrophic nutrition, with glandular function informed by signals from the
decidualised stromal cells (review: Burton et al., 2020). The effect of AGEs on the secretions of human
endometrial stromal cells was not examined here, but would be of interest to future work. Antoniotti
et al. (2018) demonstrated increased prolactin release from decidualised stromal cells in the presence
of obese AGEs versus lean. Inflammation and decidualisation are tightly linked, with decidualised
endometrial stromal cells secreting inflammatory mediators in vitro (Evans and Salamonsen, 2014).
Antoniotti et al. (2018) identified endoplasmic reticulum stress in decidual cells co-cultured with obese
AGEs, and proposed the elevated prolactin to be due to the unfolded protein response. Regrettably,
inflammatory molecules were not measured in this conditioned medium. During the differentiation of
stromal fibroblasts into decidual cells, a sub-population enter senescence, and secrete endometrial
receptivity associated factors. During endometrial remodelling in the presence of an invading
blastocyst, these senescent cells are cleared by uterine natural killer cells (Brighton et al., 2017). The
balance of senescent and decidual stromal cells is finely tuned, and alterations can be identified in
conditions such as recurrent pregnancy loss (Lucas et al., 2020). It is possible that AGEs promote the
decidual phenotype in an excessive proportion of cells, as exogenous CXCL16 stimulates
decidualisation of endometrial stromal cells (Mei et al., 2019), resulting in inappropriate remodelling
at the maternal-fetal interface and elevated prolactin secretion: biomarker analysis could determine

the proportion of decidual and senescent cells in the obese decidual endometrium (Lucas et al., 2020).

5.4.5 Therapeutic potential and future directions
Data from this chapter lends further support to the alteration of the uterine fluid microenvironment

in obese women (Antoniotti et al., 2018). The prevailing effect identified in this chapter is the elevation
of chemokines and cytokines from hEEO in the presence of obese AGEs. Application of anti-
inflammatory therapeutics, or adoption of a diet to lessen systemic inflammation, may be of benefit
to women with elevated uterine AGEs attempting to conceive. Further investigation is required into
the effects of therapeutics examined previously in this thesis (RAGE antagonism, antioxidants, and
metformin) and the normalisation of hEEO cell functions. Translational outcomes of the effect of AGEs
on the endometrial environment are discussed further in Chapter 7 of this thesis.

This work has demonstrated that hEEO derived cells are responsive to AGEs in a functional
manner. Future work could examine specific functions related to endometrial physiology and
receptivity, including trophectoderm spheroid adhesion to AGEs-exposed epithelial monolayers.
Furthermore, the use of hEEO derived cells may help resolve the considerable discussion as to whether
re-epithelialisation of the endometrial surface following menstruation is from stem cells within glands
or by ‘wound healing’ from the more mature cells at the edges of denuded glands and from remaining

patches of luminal epithelium (Salamonsen et al., invited review, in submission). Glandular secretions
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and the impact of obesity could also be investigated through 3D modelling or proteomic analysis of

hEEO-derived conditioned medium and fluid within the organoids.

5.5 “Take home” message
Endometrial epithelial organoids are an emerging technique to culture primary human endometrial

epithelial cells. They are functionally responsive to obesity-associated AGEs, with preliminary data
demonstrating a donor-dependent effect on organoid derived epithelial cell proliferation, and altered
secretion of inflammatory molecules detected in conditioned media. Further research is required to
understand functional differences between endometrial cancer cell lines and primary cells, to confirm
and expand upon these findings, and to investigate the applicability of therapeutics explored in
Chapter 4 for use on these primary cells. Importantly, a fine balance of inflammatory factors is
required both for endometrial remodelling and for the establishment of pregnancy; modulation by
obesity and associated AGEs may tip the balance towards an unfavourable inflammatory milieu that

is likely to result in poor pregnancy outcomes and pathologies.
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Chapter 6: Validation and interrogation of novel protein biomarkers of

endometrial receptivity
Ongoing work concerning the human receptome and adhesome

At the start of my candidature, the primary focus of this thesis was to be the validation and functional
interrogation of the human receptome and adhesome (Evans et al., 2020a). As the parallel
investigation of obesity-associated AGEs showed significant promise, and with the incorporation of
organoid culture into this thesis, this work became a minor aim. This chapter represents a body of
ongoing work, for which preliminary data has been published ((Evans et al., 2020a); Appendix 4). While
specific components of the receptome and adhesome have been examined, insufficient time
remained to investigate the effects of obesity-associated AGEs on these proteins, and their expression

in the obese endometrium versus lean, as was the original aim of this work.

6.1 Introduction
Work detailed in this thesis (Chapters 3-5) has clearly shown that elevated AGEs exert functional

effects on the preimplantation mouse embryo and the human endometrium, and has identified some
beneficial effects of pharmaceutical interventions. To gain a more comprehensive understanding of
obesity-associated AGEs, their effects on molecular characteristics of the human endometrium which

underpin crucial reproductive processes, including endometrial receptivity, need to be examined.

A receptive endometrium is required for the establishment of pregnancy, and is considered
one of the major reasons for implantation failure following transfer of a high-quality blastocyst.
However, little is known about the mechanisms by which the endometrium, specifically the luminal
endometrial epithelium, becomes receptive to an appropriately developed blastocyst. As such,
endometrial receptivity is often referred to as the ‘black box of reproduction’ (Macklon et al., 2002).
A gene expression profile of the ‘receptive’ endometrium has been described (Diaz-Gimeno et al.,
2011); however this analysed endometrial biopsies, which provide little information on the protein
changes providing function within the luminal epithelium, the site of initial embryo attachment

leading to implantation.

Limited models exist for interrogating endometrial receptivity in vitro. Most assays involve
spheroid-epithelial interactions to mimic implantation sites. Since the development of early assays
(John et al., 1993), systems have been further developed and refined using different cell types to
generate more physiologically relevant models (Schmitz et al., 2014; Ho et al., 2012; Thie and Denker,
2002). Most models utilise readily available endometrial cancer derived cell lines, which as described
in Chapter 5 of this thesis, are fundamentally altered from the physiologically normal endometrium.

Recent work in this laboratory developed a model using primary human endometrial cell monolayers,
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which was able to accurately define each donor endometrium as ‘receptive’ or ‘non-receptive’
(reflecting the donor’s fertility status) by the adhesion of trophectoderm cell spheroids which mimic
the human blastocyst (Evans et al., 2020b). This model enables significant in vitro applications (Kinnear
et al., 2019), and has allowed proteomic interrogation of the maternal-fetal interface in vitro. A
significant advantage of studying protein biomarkers of receptivity compared to genetic microarrays
is that these can provide functional information on the proteins present, whereas not all mRNA is
translated. The ‘adhesome’ (endometrium/trophectoderm interface) and ‘receptome’ (endometrial
epithelium only), were defined by proteomic changes in the receptive endometrium generating
potential biomarkers of endometrial receptivity and embryo adhesion (Evans et al., 2020a). The
identification of several proteins in this model that are common to genes included in the endometrial
receptivity array (Diaz-Gimeno et al., 2011), lends credence to the validity of this model. Preliminary
immunolocalisation and functional assessment of receptome and adhesome proteins was performed
(Appendix 4); however, more detailed investigation was required to understand the involvement of

these novel receptivity biomarkers in the human endometrium.

Box 1: Definition of the human endometrial epithelial receptome and embryo-epithelial adhesome.

Human endometrial epithelial receptome: The proteome of receptive endometrial
epithelial monolayers compared to non-receptive monolayers, defined by spheroid
adhesion assay.

Human endometrial-epithelial adhesome: the proteome of adhesive co-cultures
(trophectoderm spheroids adherent to receptive endometrial epithelial monolayers)
compared to all non-adhesive epithelial conditions (receptive and non-receptive
monolayers not exposed to spheroids, and non-adherent co-cultures).

In this chapter, | describe investigations of 8 specific receptome and adhesome proteins
(defined in Box 1) as determined by proteomic investigation (full lists of proteins within the receptome
and adhesome are provided in Appendix 3) and assessment of their potential functions. Through this
work, both Stem-Loop-Interacting RNA-binding Protein (SLIRP) and Positive Co-factor 4 (PC4) have
emerged as potential discriminants of fertility and key players in the regulation of endometrial
receptivity. While initial immunohistochemical studies on human endometrium indicated that
endometrial epithelial expression of a number of receptome proteins was modulated across the
menstrual cycle and between fertile and infertile women (Evans et al., 2020a; Appendix 4), digital

guantification as detailed here was unable to report any statistically significant difference for several
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proteins. However, siRNA reduction of some specific proteins significantly altered the adhesive

capacity of hormonally primed epithelial cells, validating their functions in this model.

This work provides a foundation for subsequent studies, having identified targets for
investigation either in the context of the molecular changes related to obesity-associated AGEs or for

further examination of endometrial receptivity.

6.2 Materials and methods

6.2.1 Donor demographics

Endometrial biopsies were obtained across the menstrual cycle from women with a history of fertility
(at least 1 previous parous pregnancy), or primary infertility (no previous pregnancy). These tissues

were formalin fixed and paraffin embedded for histological use.

Table 6.1: Demographics of endometrial donors. Mean + SEM AGE (years) and BMI (kg/m? not
available for all donors in this cohort, available n-number listed in table) for endometrial donors used
to localise individual receptome and adhesome proteins. n.a.: not available. *, **: P < 0.05, < 0.01
versus fertile.

Proliferative

Fertility Age BMI

Fertile (n =15) 35+1 n.a.

Early-secretory

Fertility Age BMI
Fertile (n = 18) 38+1 30+ 4 (n=3)
Primary infertile (n=25) [35+1* 25+ 1 (n=10)

Mid-secretory

Fertility Age BMI
Fertile (n=11) 39+2 28 + 2 (n=6)
Primary infertile (n=17) [ 33 +£1 ** 25+ 1 (n=9)

Due to limited available tissue, not all samples could be used for all immunohistochemical
investigations, and n-numbers vary accordingly between individual receptome and adhesome
proteins; data are displayed as individual points representing biologically independent samples clearly
showing the n-number used for each protein. The characteristics of the total available cohort are

described in Table 6.1. The donors of both infertile early-secretory and mid-secretory endometrium
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were significantly younger than their fertile counterparts. Given these women are recruited following
presentation to a clinic for gynaecological procedures, it is unlikely that younger, fertile women will
present. Thus, this age difference was anticipated but must be taken into account when interpreting
data. No significant difference in age was seen between fertile proliferative and fertile mid-secretory
endometrium donors (P = 0.06). For those samples for which data are available, BMI did not differ

between donor cohorts (P > 0.16 for all).

6.2.2 Digital quantification of immunohistochemistry
Immunohistochemistry was performed as per Section 2.5.1.1, using the optimised conditions

presented in Table 2.8. Three representative images of each section were taken at 5x total
maghnification on an Olympus B52 microscope, and intensity of epithelial staining digitally quantified
using Imagel software (NIH). To quantify immunostaining, the colour channels of TIFF images were
split, and the blue channel used for quantification. Using the full colour image for comparison, an
intensity threshold detecting immunostained pixels was set for a representative selection of images
(minimum of 3 biologically independent samples), with the average intensity threshold used for
quantification. Epithelial areas were manually identified and the number of stained pixels quantified;
this was then subtracted from the total number of stained pixels in the tissue section to give epithelial
and non-epithelial contributions to staining. Non-epithelial staining contains contributions from
stromal fibroblasts, immune cells, maternal blood vessels, and glandular secretions. The same
quantification was performed on the isotype control to correct for any non-specific staining. No outlier

processing was performed on this data.

6.2.3 gPCR assessment of siRNA knockdown and hormonal regulation of receptome and
adhesome genes in ECC-1
The relative expression of individual receptome and adhesome mRNA (PC4, LGMN, KYNU, STMN1,

SLIRP, PTGS2, and SERPINE1) following siRNA knockdown (Section 2.6.1.2) was determined using qPCR
(Section 2.6.1.4). RPL19 was used as a housekeeper. The overall protocol for the cell culture and
hormonal treatments is as described in Section 2.6.1.2. RNA was extracted from sequential time-
points across hormonal priming: at the time of addition of serum free medium alone (+ SFM; 72 h after
siRNA application), addition also of E (+ E; 78 h after siRNA application), addition of E + MPA (+ E +
MPA; 98 h after siRNA application), and at the time of spheroid addition (+ SPR; 118 h after siRNA

application).

RNA available from scramble control samples of ECC-1 which underwent standard hormonal
priming was considered sufficient for this preliminary data. The mRNA levels following serum
starvation, following E treatment, and following E + MPA treatment were determined relative to basal

(immediately prior to starvation) for each gene of interest.
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6.2.4 Transepithelial resistance
ECC-1 cells underwent siRNA knockdown, were hormonally primed and TER measured across

hormonal priming (Section 2.6.1.3). TER from each condition was normalised to the corresponding
TER following the prior application: E + MPA compared to E alone, E + MPA compared to serum

starvation (SFM), and E alone compared to serum starvation.

6.2.5 Data mining
Single cell RNA sequencing (scRNA-seq) data was obtained with permission from Dr Harriet Fitzgerald

(Fitzgerald et al., 2019). This data was derived from experimental data obtained as follows: in technical
triplicate, human endometrial epithelial organoids (hEEO) from one donor were primed with 10 nM E
for 2 days, followed by a further 6 days of culture in either 10 nM E + 1 uM MPA (EP) or 1I0nM E + 1
UM MPA +1 uM cyclic adenosine monophosphate (cAMP; EPC). hEEO-derived cells were processed for
scRNA-seq using an llumina NextSeq. The fragments per kilobase of transcript per million mapped
reads (FPKM) and log fold change values were obtained from the supplementary data provided with
the manuscript for the appropriate gene for each receptome and adhesome protein of interest. FPKM
values analysed using a T-test or Mann Whitney U-test. Log-fold-change and false discovery rate (FDR)

P-value as determined by a bioinformatician are provided in Table 6.2.

6.3 Results

The proteins selected for further study fell into three groups: those unique to the receptome (involved
in endometrial receptivity only); those common to the receptome and adhesome (receptivity and

embryo adhesion); and those unique to adhesome (adhesion specific).

6.3.1 Independent interrogation of receptome-specific proteins

6.3.1.1 Positive Co-factor 4
PC4 is the most highly upregulated protein unique to the receptome, with a fold change in label free

quantification (LFQ, relative protein abundance as determined by mass spectrometry) of 1.3 x 10°
between receptive and non-receptive epithelial cell cultures (Appendix 3). PC4 is involved in
transcriptional regulation and DNA repair (Batta et al., 2009; Conesa and Acker, 2010) and is expressed
throughout the body. After oxidative damage, PC4 plays an important role in initiating DNA strand
repair (Conesa and Acker, 2010). As PC4 enhances BRCA1 expression and stimulates p53-mediated
cellular apoptosis, it has been proposed to play a role in tumour suppression (Banerjee et al., 2004);
conversely PC4 has been implicated in breast cancer cell metabolism and metastasis (Luo et al., 2019).
Additionally, PC4 is important for reproductive processes as it is involved in modulation of luteinising
hormone receptor gene expression by interacting with transcription factor Sp1 at the promoter region
(Liao et al., 2011). Holistically, PC4 is a versatile nuclear protein involved in modulation of cellular

stress.
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Figure 6.1: PC4 in the human endometrium. Representative PC4 immunostaining in the early-
secretory phase human endometrium. PC4 was located in nuclei and localised to the glandular (black
arrow) and luminal (open arrow) epithelium, and the stroma (white arrow) of the endometrium.
Representative image shown, scale bar represents 200 um. Isotype control inset.

PC4 is strongly detected in the human endometrium across the proliferative, early-secretory,
and mid-secretory phases of the menstrual cycle (representative image, Figure 6.1). Staining is
predominantly nuclear, as expected for this protein. A faint wash of staining is evident in the stromal
compartment, with some nuclear staining identified. This protein is identified in both the glandular
and luminal epithelium, to similar extents. PC4 was not identified within the glandular secretions or

contents of the maternal blood vessels.

While epithelial PC4 appeared to be elevated in the mid-secretory endometrium compared to
proliferative phase endometrium from fertile women, digital quantification was unable to detect a
significant difference in either the epithelial (P = 0.34), or non-epithelial (P = 0.55) compartments.
However, when comparing mid-secretory phase epithelial staining between fertile and infertile
women, PC4 immunostaining appeared reduced in the infertile samples (P = 0.054). There was no
difference in the non-epithelial immunostaining (P = 0.68) Within the early secretory endometrium,
epithelial PC4 was not reduced (P = 0.15), but non-epithelial PC4 was significantly reduced in the
infertile endometrium compared to fertile (P =0.04). It is clear that endometrial PC4 can be modulated

by infertility and is an important protein of the human epithelial receptome.
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Figure 6.2: Quantification of PC4 expression in the human endometrium. Mean = SEM
immunostained pixels following digital quantification of staining in the (A) fertile proliferative and mid
secretory endometrium, (B) the fertile and infertile mid-secretory and (C) early-secretory
endometrium. Epithelial immunoreactive PC4 was not significantly altered across the menstrual cycle
(A; P =0.34). PC4 appears reduced in the epithelium of the infertile mid-secretory endometrium
compared to fertile (B; P = 0.054). PC4 was significantly reduced in the non-epithelial components of
the infertile early secretory endometrium (C; P = 0.04). Mann-Whitney test: *P < 0.05. Representative
images shown, isotype control inset. Scale bars represent 200 um. Individual data points represent
biologically independent samples (n > 8 for each).

An 80% reduction of PC4 mRNA in ECC-1 cells was achieved across all time points examined
(P <0.01 for all; Figure 6.3 A). No morphological differences were observed in the cell cultures (data
not shown). There was no significant effect of knockdown on the adhesive capacity of ECC-1 cells (P =
0.85; Figure 6.3 B). This implies PC4 is not significant in maintaining adhesive capacity function in a cell

culture model of the human receptome. Knockdown was not performed on primary cells for this

thesis.
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Figure 6.3: siRNA reduction of PC4 does not affect the adhesion of trophectoderm spheroids to ECC-
1. A) PC4 mRNA was significantly reduced in ECC-1 cells throughout hormonal priming compared to
scramble siRNA control: at the addition of serum free medium (+ SFM; P < 0.01), addition of E (+ E; P
< 0.01), addition of E + MPA (+ E + MPA; P < 0.01), and at the time of spheroid addition (+ SPR, P <
0.01). B) Reduction of PC4 in ECC-1 cells did not affect the percent of spheroids that adhered in
comparison to scramble control (P = 0.85). Data expressed as mean + SEM derived from 3 biologically
independent replicates, denoted by individual data points. Unpaired t-test: **P < 0.01

6.3.1.2 Stathmin1

Stathmin 1 (STMN1) is uniquely upregulated in the receptome, with a fold change in LFQ of 7.6 x 10*
between receptive and non-receptive endometrial epithelial cultures. STMN1 was selected for
validation as it is one of the most highly upregulated proteins of the receptome, and has previously
been implicated in the human reproductive system (Dominguez et al., 2009). STMN1 regulates
microtubule dynamics by promoting depolymerization and preventing tubulin heterodimer formation.
Its functions and regulation are critical in proper progression of the cell cycle (Rubin and Atweh, 2004).
Furthermore STMNL1 is involved in cell motility; it has been shown that STMN1 is an important cofactor
in STAT3 mediated T-cell migration (Verma et al., 2009) and is involved in the migration and invasion

of malignant glioma cells (Liang et al., 2008).

In the reproductive system, STMN1 has been proposed to promote stromal cell proliferation
and maintain a pre-receptive state of the endometrium, as it has been found reduced in stromal cells
and glandular epithelium of “receptive” mid-secretory endometrium compared to the “pre-receptive”
early secretory (Dominguez et al., 2009). It was also noted that maintaining a refractory endometrium
by insertion of an intrauterine device contraceptive increased the prevalence of STMN1 (Dominguez
et al., 2009). Proteomic data of the receptome differs from this, showing an upregulation of STMN1
during receptivity. Proteins involved in endometrial receptivity may be differentially regulated
throughout all phases of the menstrual cycle and as such early- and mid-secretory phases (both

influenced by progesterone) may show different STMN1 regulation to the proliferative phase
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(influenced by estrogen); STMN1 may be increased from the proliferative phase to the secretory
phase, and subsequently decrease as the secretory phase progresses. In addition, proteomic data
(Evans et al., 2020a) examined the prevalence of endometrial STMN1 between fertile and infertile

women.

Extensive immunohistochemical optimisation was performed to immunolocalise STMN1 in
the human endometrium. However, the available antibody could not be optimised for use in this thesis
and alternative antibodies would need to be sourced. This is beyond the scope of this thesis; full
validation of STMN1 in the human endometrial epithelial receptome and adhesome is unable to be
performed at this time. siRNA experiments were performed in parallel with antibody testing, and the

results presented below.

The siRNA reduction of STMN1 mRNA could not be validated (P 2 0.19 for all; Figure 6.4 A). It
is possible that existing PCR protocols could be re-optimised for these primers, or new primer pairs
designed, both beyond the scope of this thesis. While the knockdown was not validated, treatment of
ECC-1 cells with siRNA targeted against STMN1 did not affect TER (Figure 6.4 B), but significantly
lowered the adhesion of trophectoderm spheroids (P = 0.03; Figure 6.4 C). This implies that STMN1

may be functionally significant in maintaining the adhesive capacity of endometrial epithelial cells.
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Figure 6.4: siRNA reduction of STMN1 may affect the functions of ECC-1 cells. A) The reduction of
STMN1 mRNA could not be confirmed compared to scramble siRNA control (black): at the addition of
serum free medium (+ SFM; Mann-Whitney: P = 0.70), addition of E (+ E; unpaired t-test: P = 0.19),
addition of E + MPA (+ E + MPA; unpaired t-test: P =0.24), and at the time of spheroid addition (+ SPR,
unpaired t-test: P = 0.37). B) In comparison to scramble control (black), siRNA reduction of STMN1
(pink) did not affect transepithelial resistance (TER) after hormonal priming with E compared to TER
following serum starvation (E/SFM; P = 0.27), following priming with E + MPA compared to serum
starvation (E+MPA/SFM; P = 0.89), or E + MPA compared to TER following E (E+MPA/E; P =0.24). Data
connected by lines are from the same experimental replicate, all analysed by unpaired t-test. C)
STMN1 reduction significantly reduced the adhesive capacity of ECC-1 cells (Mann-Whitney: P = 0.03).
Individual points represent independent replicates. Data presented as mean + SEM, derived from n =
3-5 biologically independent replicates.
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6.3.1.3 Cytidine deaminase

Cytidine deaminase (CDA) catalyses the conversion of cytidine to uridine and is important in mRNA
editing, particularly in generation of variation in immunoglobulin chains (Cascalho, 2004). CDA is highly
upregulated in the receptome (LFQ fold change of 3.1 x10%), and is not further modulated in the
adhesome. CDA has previously been implicated in endometrial receptivity as it has been found in
genetic signatures corresponding to the receptive endometrium, and is a part of the Endometrial
Receptivity Array (Bhagwat et al., 2013; Diaz-Gimeno et al., 2011). This makes CDA a highly interesting

candidate for validation and functional evaluation.
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Figure 6.5: CDA immunolocalisation in the human endometrium. A) CDA was immunolocalised to the
glandular epithelium of the mid-secretory human endometrium in limited tissues (black arrow), with
evidence of staining associated with maternal blood vessels (open arrow) and presumptive immune
cells. B) In the early secretory endometrium, limited glandular or luminal epithelial (LE) staining was
identified (black arrows). Some membrane-associated staining was observed in the stromal
compartment, and CDA was immunolocalised to maternal blood vessels (open arrow). Isotype
controls inset. Scale bars represent 100 um (A), 50 um (B, CDA), and 200 um (B, isotype control).
During optimisation, epithelial staining was observed in some tissues, but this was not
consistently maintained in further investigation, with only 2 of 7 stained fertile mid-secretory tissues
demonstrating significant epithelial staining (Figure 6.5 A shows the strongest epithelial stain
identified). Few proliferative phase or primary infertile tissues demonstrated epithelial CDA
immunostaining. In the majority of endometrial tissues, staining was identified in maternal blood
vessels, presumptive immune cells, and within stromal cells. Given the role of CDA in immunoglobulin
variation, expression in immune cells is expected. To confirm this colocalization, a dual stain could be
performed for CDA and an immune marker such as CD45, and immunolocalisation to maternal blood
vessels using an endothelial marker such as CD54. Within the early secretory endometrium, almost no

tissues contained epithelial staining for CDA, with some tissues exhibiting a complete absence of CDA

from all epithelial cells (Figure 6.5 B).
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The presence of CDA in the human receptome may be a result of primary human endometrial
epithelial cell differentiation in vitro, as expression was not reflected in the ex vivo endometrium. Due
to its limited epithelial staining and no modulation of expression between ‘receptive’ and ‘non-
receptive’ endometrial tissue sections, CDA could not be validated as a member of the human
receptome, and intensive digital quantification was not performed. Due to limited epithelial staining,

no knockdown studies were performed on this protein.

6.3.2 Independent interrogation of proteins common to the receptome and adhesome

6.3.2.1 Kynureninase

Kynureninase (KYNU) is the most highly upregulated protein of the receptome also present in the
adhesome, exhibiting a 1.8 x 10°-fold change in LFQ in the receptome, further increased by a factor of
3 in the adhesome. This alone makes KYNU a strong target for validation and functional investigation.
Within the proteins upregulated in the receptome, KYNU has no known or predicted interactions;
however, in the adhesome KYNU is connected to PPM1G and SQLE. SQLE, squalene epoxidase, is
involved in sterol biosynthesis, and PPM1G is a magnesium dependent protein phosphatase (String
analysis, Appendix 3). This difference in interactions implies a different role for KYNU in receptivity

and adhesion.

KYNU is a member of the amino transferase superfamily, and is involved in the metabolism of
tryptophan and the de novo synthesis of NAD(P)*. In eukaryotes, KYNU catalyses the hydrolysis of 3-
hydroxy-L-Kynurenine to 3-hydroxyanthranilic acid (Phillips, 2014). The human protein atlas has
shown moderate expression of KYNU in the human endometrium (Uhlén et al., 2015), but KYNU has

not previously been linked specifically to endometrial receptivity and embryo adhesion.

KYNU is involved in inflammatory diseases, specifically psoriasis. KYNU positive cells are able
to infiltrate lesional skin, and the downstream metabolites of tryptophan promote cell adhesion and
induce inflammatory gene expression (Harden et al., 2016). This can be linked back to the enrichment

of inflammatory gene ontology terms in the upregulated proteins of the receptome.

In reproduction, homozygous loss of function mutations in KYNU has been identified as
contributing to NAD-deficiency related congenital malformations, and confirmed in knock out mouse
models, implicating KYNU and its downstream metabolites as important in healthy embryo
development (Shi et al., 2017). Using genome wide transcriptomics, KYNU is identified as upregulated
in the decidua of preeclamptic placentas, and is associated with the inflammatory response.
Enrichment analysis highlights the upregulation of the tryptophan metabolism pathway in

preeclamptic placentas, suggesting that KYNU may play an important role in formation and
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maintenance of a functional placenta (Loset et al., 2011). KYNU is further implicated in the pathology
of endometriosis, as it is dysregulated in human endometrial tissues from women with endometriosis
(Pabona et al., 2012). Thus, KYNU is of significant interest when examining the receptome and

adhesome.

Figure 6.6: KYNU in the human endometrium. Representative KYNU immunostaining in the mid-
secretory phase human endometrium. KYNU was localised to the glandular (black arrow) and luminal
(open arrow) epithelium, and to a lesser extent within the stroma (white arrow) of the endometrium.
Representative image shown, scale bar represents 200 um. Isotype control inset.

KYNU is immunolocalised in the proliferative and mid-secretory phase human endometrium
(representative image, Figure 6.6). Staining is predominantly cytoplasmic, with some nuclear staining
observed. KYNU is localised in both the glandular and luminal epithelium, to similar extents. In the
proliferative phase, staining is evident in both the stromal and epithelial compartments but in the mid-
secretory phase, while staining remains in the stroma, it is predominantly epithelial. In the stromal
compartment, KYNU appears in the vicinity of maternal blood vessels. A faint wash of staining is

evident throughout the stromal compartment, with some nuclear staining identified.

Quantification revealed predominantly epithelial KYNU immunostaining, which was not
significantly different between the proliferative or mid-secretory phase of the menstrual cycle (P =
0.68; Figure 6.7 A). Epithelial KYNU was not significantly altered in the infertile mid-secretory
endometrium (P = 0.09; Figure 6.7 B). Neither cycle stage nor fertility altered non-epithelial staining
of KYNU (P > 0.16 for both). Immunostaining for KYNU was not performed on early-secretory

endometrium.

150



Chapter 6: The human receptome & adhesome

A

2x105 - M Proliferative M Mid-Secretory
w
° ®
o 1.5x10%+
2 £
B
S 1x105
=
(o))
S 5x10% .
8 %
» e
04
Epithelial Non-Epithelial
6x10%— W Fertile M Infertile

B ®

2 b

&

= 4x104

2 . ‘|’

@

2 ®

C

c o

o 2x10 1

£ =

5 |

@ 0 2o : e

T
Epithelial Non-Epithelial

Figure 6.7: Quantification of KYNU immunostaining in the human endometrium. Mean + SEM
immunostained pixels following digital quantification of KYNU immunostaining contributed by the
epithelial and non-epithelial compartments of the fertile human endometrium compared between (A)
mid-secretory and proliferative phase, and (B) comparison of staining between the fertile and primary
infertile mid-secretory endometrium. Neither epithelial nor non-epithelial staining were significantly
affected by cycle phase or fertility (P 2 0.09 for all). Individual data points represent biologically
independent samples (n = 7 for each). Data expressed as mean * SEM, analysed by Mann-
Whitney/unpaired t-test.

Following transfection, no morphological effects were observed on ECC-1 monolayers (data
not shown). The siRNA reduction of KYNU mRNA could not be validated as the primers used in this
work were unable to amplify KYNU in any sample. To confirm the absence of this gene expression,
positive control RNA would be required such as from human endometrial epithelial organoids, known
to express this gene (Fitzgerald et al., 2019), or alternative primers designed. Further optimisation and
investigation are beyond the scope of this thesis. The slight increase in TER between EP and E
treatments (E+MPA/E) was reduced in all but one sample following siRNA treatment (P = 0.28; Figure
6.8 A). Spheroid adhesion following siRNA treatment was not significantly affected (P = 0.17; Figure

6.8 B). Without a confirmed reduction in KYNU expression, no firm conclusions can be drawn from this

data.
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Figure 6.8: siRNA reduction of KYNU does not affect the functions of ECC-1 cells. A) In comparison to
scramble control (black), siRNA reduction of KYNU (pink) did not affect transepithelial resistance (TER)
after hormonal priming with E compared to TER following serum starvation (E/SFM; P = 0.32),
following priming with E + MPA compared to serum starvation (E+MPA/SFM; P = 0.69), or E + MPA
compared to TER following E (E+MPA/E; P = 0.28). Data connected by lines are from the same
experimental replicate, all analysed by unpaired t-test. B) KYNU reduction did not significantly reduce
the adhesive capacity of ECC-1 cells (unpaired t-test: P = 0.17). Mean and SEM are derived from n = 4-
5 biologically independent replicates, denoted by individual data points.

6.3.2.2 Legumain
Legumain (LGMN) is upregulated by a factor of 2.2 x 10% in the receptome, and further increased by a

factor of 4.6 in the adhesome. No known or predicted interactions of LGMN are seen within these
protein cohorts (Appendix 3). LGMN is a cysteine endopeptidase which is involved in antigen
processing in the lysosome, but exists in many cellular locations and is involved in several different

processes. For a review of the structure and functions of LGMN, see Dall and Brandstetter (2016).

LGMN has been previously identified in the transcriptome of the human embryo
trophectoderm, and in human embryonic stem cells differentiated to a trophoblast lineage, further
affirming the validity of the trophectoderm spheroid adhesion model (Aghajanova et al., 2012), and in
the human endometrium (Horcajadas et al., 2008). Previously, LGMN has been suggested to be
involved in the remodelling of the extracellular matrix as LGMN gene expression is increased in the
bovine endometrium during the pre-attachment period (Bauersachs et al., 2008). For these reasons,

LGMN was selected for validation of the receptome and adhesome.
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Figure 6.9: LGMN is present in the human mid-secretory endometrium. LGMN was immunolocalised
to the glandular epithelium (black arrow), discrete regions of the stromal compartment (white arrow),
and within maternal blood vessels (open arrow). Representative image shown, scale bar represents
50 um. Isotype control inset.

LGMN immunolocalised within the human endometrium in the proliferative, early-secretory,
and mid-secretory phases of the menstrual cycle. Shown in Figure 6.9 is a representative image of
LGMN immunostaining in the mid-secretory endometrium. Significant staining is identified in the
cytoplasm of the glandular epithelium and in sections where luminal epithelium is present, similar
staining patterns are observed. Some tissues demonstrate a wash of staining in the stromal
compartment, with clear and discrete regions of staining observed in some cells (Figure 6.9); these are
likely immune cells and some similar staining was seen in proliferative phase tissue (Figure 6.10 A). No
clear nuclear staining was detected in the endometrium. LGMN was also identified within the
maternal blood vessels, but not in the red blood cells, indicating LGMN may be secreted and
transported in the blood; plasma LGMN secreted from macrophages has been identified as an
indicator of atherosclerotic disease (Lunde et al., 2017). No significant difference in staining pattern
was noticed between proliferative, early-secretory, and mid-secretory endometrial tissue from fertile

and infertile women.

Following digital quantification, LGMN staining was not significantly different between
proliferative and mid-secretory tissues in either the epithelial or non-epithelial compartment. (Figure
6.10 A; P = 0.4); neither was it significantly increased in the infertile mid-secretory endometrium

compared to fertile (Figure 6.10 B; P = 0.1). No difference was observed between fertile and infertile
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early secretory endometrial epithelium (Figure 6.10 C; P = 0.4). No significant difference was seen in
the non-epithelial staining for any comparison (P > 0.2 for all). In some tissues, a far greater intensity

of staining was detected in the mid-secretory period, these may be outliers.
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Figure 6.10: Quantification of LGMN immunostaining in the human endometrium. Mean + SEM
immunostained pixels following digital quantification of LGMN immunostaining in (A) the fertile
proliferative and mid secretory endometrium, (B) the fertile and infertile mid-secretory and (C) early-
secretory endometrium. No significant difference was seen between epithelial staining in the
proliferative versus mid-secretory endometrium (Mann-Whitney: P = 0.4), or in the early secretory
endometrial epithelium from fertile and infertile women (unpaired t-test: P=0.4). LGMN appeared to
be non-significantly increased in the epithelium of the infertile mid-secretory endometrium compared
to fertile (unpaired t-test: P = 0.1). Scale bars represent 200 um, isotype control inset. Individual data
points represent biologically independent samples (n 2 4 for each).

In knockdown experiments, a 60% or greater reduction of LGMN mRNA in ECC-1 cells was
achieved across all time points examined (P < 0.01 for all; Figure 6.11 A). No morphological differences
were observed in the cell cultures following transfection (data not shown). No effect of knockdown

was seen on the regulation of tight junctions across hormonal priming (P = 0.42 for all; Figure 6.11 B).
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There was no significant effect of knockdown on the adhesive capacity of ECC-1 cells (P = 0.81; Figure

6.11 C). This implies LGMN is not significant in maintaining these functions in a cell culture model.
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Figure 6.11: siRNA reduction of LGMN does not affect the functions of ECC-1 cells. A) LGMN mRNA
was significantly reduced in ECC-1 cells throughout hormonal priming compared to scramble siRNA
control (black): at the addition of serum free medium (+ SFM; P < 0.01), addition of E (+ E; P < 0.01),
addition of E + MPA (+ E + MPA; P < 0.001), and at the time of spheroid addition (+ SPR, P < 0.01). All
analysed by unpaired t-test. (B) In comparison to scramble control (black), siRNA reduction of LGMN
(pink) did not affect transepithelial resistance (TER) after hormonal priming with E compared to TER
following serum starvation (E/SFM; P = 0.42), following priming with E + MPA compared to serum
starvation (E+MPA/SFM; P = 0.89), or E + MPA compared to TER following E (E+MPA/E; P = 0.68). Data
connected by lines are from the same experimental replicate, analysed by unpaired-t test. (C) LGMN
reduction did not significantly reduce the adhesive capacity of ECC-1 cells (P = 0.81). Individual points
represent independent replicates. Data presented as mean = SEM, derived from n = 3-5 biologically
independent replicates.

6.3.2.3 Stem-Loop-Interacting RNA-binding protein

SLIRP was elevated by a factor of 4.7 x 10* (LFQ value) in receptive epithelial cultures compared to
non-receptive, but downregulated by a factor of 3.2 x 10®° (LFQ value) in the human adhesome
(adhesive co-cultures vs all non-adhesive conditions). It was chosen specifically for validation and
functional interrogation as it sits at the hub of several previously experimentally determined
interactions with other members of the adhesome and receptome as identified by STRING analysis

(Appendix 3).

SLIRP is a predominantly mitochondrial protein which regulates protein synthesis and is
implicated in male infertility. In both mouse and human, SLIRP impacts the motility of sperm (Colley
et al., 2013; Shan et al., 2020). SLIRP binds to RNA, and prevents the activation of specific nuclear
receptors, including the Estrogen Receptor a (Hatchell et al., 2006). Within the endometrium it is
plausible that SLIRP may contribute to the regulation of hormonal response in the acquisition of

endometrial receptivity.
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Figure 6.12:
immunolocalised to the glandular (black arrow), and luminal epithelium (white arrow). SLIRP was

SLIRP immunolocalisation in the early-secretory human endometrium. SLIRP was

identified through the stromal compartment (open arrow). Representative image shown, scale bar
represents 100 um. Isotype control inset.

SLIRP has been immunolocalised in the human endometrium and is evident in both the stroma
and the epithelium of proliferative, early-secretory, and mid-secretory endometrium of fertile and
infertile women. SLIRP appeared predominantly cytoplasmic in the epithelium, with a wash of staining
along with specific intracellular staining in some cells evident in the stroma. Some nuclear staining was
observed in stromal fibroblasts and in the epithelium. There was no obvious difference in staining
localisation between menstrual cycle phases or fertility. A representative image is shown in Figure

6.12, taken from an infertile, early-secretory sample.

Immunostaining of SLIRP was performed by a DEV3990 student, Emily Liang, under my
instruction. The quantification and analysis have been reperformed here. SLIRP expression was not
significantly altered in the mid-secretory endometrium compared to proliferative (P = 0.43 epithelial,
P = 0.64 non-epithelial; Figure 6.11 A), between the infertile mid-secretory endometrium compared
to fertile (P = 0.20 epithelial; P = 0.12 non-epithelial; Figure 6.13 B) and between the infertile early-
secretory endometrium in comparison to fertile (P = 0.61 epithelial, P = 0.22 non-epithelial; Figure

6.13 C).
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Figure 6.13: Quantification of SLIRP expression in the human endometrium. SLIRP was
predominantly detected in the epithelial cells of the human endometrium, with no significant
difference in expression of either epithelial or non-epithelial SLIRP between the (A) proliferative phase
and secretory phase endometrium (Mann-Whitney: P = 0.4, 0.6 respectively), or (B) between SLIRP in
the fertile versus primary infertile mid-secretory endometrium in the epithelial or non-epithelial
compartments (Mann-Whitney: P = 0.2, 0.1 respectively). C) Within early secretory endometrium,
SLIRP expression was not significantly altered between the epithelial or non-epithelial cells of primary
infertile endometrium compared to fertile (Mann-Whitney: P = 0.6, 0.2 respectively). Representative
images shown, isotype control inset, scale bars represent 200 um. Individual data points represent
biologically independent samples (n > 6 for each). Data expressed as mean + SEM.

In knockdown experiments, an approximate 80% reduction of SLIRP mRNA in ECC-1 cells was
achieved across all time points examined (P < 0.01 for all; Figure 6.14 A). No significant morphological
differences were observed in the cell cultures following transfection (data not shown). When
normalised to TER following serum starvation, SLIRP knockdown significantly reduced TER following E
(E/SFM; P = 0.01; Figure 6.14 B) and E + MPA (E+MPA/SFM; P = 0.04; Figure 6.14 B) in comparison to
scramble control. No effect was seen on TER following E + MPA when normalised to TER following E

treatment (E+MPA/E; P = 0.28; Figure 6.14 B). In addition, there was a significant reduction in the

157



Chapter 6: The human receptome & adhesome

adhesive capacity of ECC-1 cells following SLIRP reduction (P = 0.03; Figure 6.12 C). This implies SLIRP

is significant in maintaining these functions in a cell culture model.
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Figure 6.14: siRNA reduction of SLIRP impacts the functions of ECC-1 cells. A) SLIRP mRNA was
significantly reduced in ECC-1 cells throughout hormonal priming compared to scramble siRNA
control: at the addition of serum free medium (+ SFM; P < 0.01), addition of E (+ E; P < 0.01), addition
of E+ MPA (+ E + MPA; P <0.01), and at the time of spheroid addition (+ SPR, P < 0.01), all analysed
by unpaired t-test. B) In comparison to scramble control (black), siRNA reduction of SLIRP (pink)
significantly reduced transepithelial resistance (TER) after hormonal priming with E compared to TER
following serum starvation (E/SFM; Mann-Whitney: P = 0.01), and following priming with E + MPA
compared to serum starvation (E+MPA/SFM; unpaired t-test: P = 0.04), but did not significantly impact
TER following E + MPA compared to TER following E (E+MPA/E; unpaired t-test: P = 0.28). Data
connected by lines are from the same experimental replicate. C) SLIRP reduction significantly reduced
the adhesive capacity of ECC-1 cells (unpaired t-test: P = 0.03). Data presented as mean + SEM derived
from n = 3-5 biologically independent replicates represented by individual data points.

6.3.3. Independent interrogation of adhesome-specific proteins
The expression of two proteins highly elevated in the human adhesome, PTGS2, and SERPINE1, was
investigated in the mid-secretory phase endometrium in a preliminary study to confirm their presence

(Figures 6.15, 6.17 respectively).

Prostaglandin G/H Synthase 2 (PTGS2; also known as COX-2) is the most upregulated protein
of the adhesome, exhibiting a fold change in LFQ of 3.8 x 10° between adhesion and control conditions.
It is not upregulated in the receptome. String analysis reveals no known or predicted interactions of
PTGS2 with other proteins upregulated in the adhesome (Appendix 3). PTGS2 is expressed in the
mouse endometrium in the luminal epithelium and stroma and is upregulated in the mouse
endometrial epithelium in response to an approaching embryo, resulting in the production of
prostaglandins required for implantation (Ruan et al., 2012). Functionally it is important for embryo
implantation and stromal decidualization in the mouse and human (Han et al., 1996; Lim et al., 1997).

Due to its substantial upregulation in the adhesome and its implication as part of the human
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implantation factor cascade (Evans et al., 2008), PTGS2 is a promising candidate for validation and

functional investigation.

PTGS2 was minimally detected in the epithelial cells of the tissues used in this preliminary
study (Figure 6.15), and this was not altered by primary infertility (P = 0.88). The non-epithelial staining

of PTGS2 was significantly elevated in the infertile endometrium (P = 0.02).
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Figure 6.15: PTGS2 is elevated in the infertile mid-secretory endometrium. PTGS2 is elevated in the
human endometrium and immunolocalised to the epithelium and stromal cells of the fertile and
infertile endometrium. Non-epithelial staining of PTGS2 is significantly higher in the infertile
endometrium (Mann-Whitney: P = 0.02) but epithelial expression is not altered (unpaired t-test: P =
0.88). Scale bars represent 200 um, isotype controls inset. Individual data points represent biologically
independent samples (n > 4). Data expressed as mean = SEM immunostained pixels.

The siRNA reduction of PTGS2 mRNA could not be validated (P > 0.07 for all; Figure 6.16 A).
As above, further optimisation and investigation are beyond the scope of this thesis. While the
knockdown was not validated, treatment of ECC-1 cells with siRNA targeted against PTGS2 did not
affect TER (P 2 0.1; Figure 6.16 B), or adhesion of trophectoderm spheroids (P = 0.15; Figure 6.16 C).
As this is an adhesome protein, knockdown would be required at the time of spheroid adhesion to
fully elucidate the effect on adhesive capacity, unlike a receptome protein where changes to the
epithelium during hormonal priming may impact the adhesive capacity of the ECC-1 cells. Without a

validated knockdown at this time, no clear conclusions can be drawn from this data.
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Figure 6.16: siRNA reduction of PTGS2 does not affect the functions of ECC-1 cells. A) The reduction
of PTGS2 mRNA was not confirmed compared to scramble siRNA control (black): at the addition of
serum free medium (+ SFM; P = 0.07), addition of E (+ E; P = 0.14), addition of E + MPA (+ E + MPA; P
= 0.34), and at the time of spheroid addition (+ SPR, P = 0.18) all analysed by unpaired t-test. B) In
comparison to scramble control (black), siRNA reduction of PTGS2 (pink) did not affect transepithelial
resistance (TER) after hormonal priming with E compared to TER following serum starvation (E/SFM;
P =0.09), following priming with E + MPA compared to serum starvation (E+MPA/SFM; P = 0.89), or E
+ MPA compared to TER following E (E+MPA/E; P = 0.68). Data connected by lines are from the same
experimental replicate, analysed by unpaired t-test. C) PTGS2 reduction did not significantly reduce
the adhesive capacity of ECC-1 cells (Mann-Whitney: P = 0.15). Individual points represent
independent replicates. Data presented as mean + SEM, derived from n = 3-5 biologically independent
replicates.

Serine protease inhibitor Clade E member 1 (SERPINE1), also known as plasminogen activator
inhibitor 1 (PAI-1), is highly upregulated in the adhesome, but not the receptome, showing a fold
change in LFQ of 5.9 x 10* between adhesive and non-adhesive conditions. SERPINE1 shows no

previously known or predicted interactions with other proteins upregulated in the adhesome

(Appendix 3).

Mutations in SERPINE1 have been linked to miscarriage and pregnancy loss (Dossenbach-
Glaninger et al., 2008; Magdoud et al., 2013). Transcriptomics of the bovine endometrium suggest
that SERPINE1, under the control of Kruppel Like Factor 5, is involved in angiogenesis of the luteal
phase bovine endometrium (Bauersachs et al., 2008). As reviewed by Simone et al. (2014), SERPINE1
regulates the proliferation and migration of several cell types, and is especially involved in wound
repair. SERPINE1 is activated in response to injury and in any migratory cell or cells undergoing
epithelial-mesenchymal transition. Increased expression promotes the migration rather than
proliferation of epithelial cells, and overexpression results in reduced cell growth. A further role of
SERPINE1 is in the regulation of integrin internalization which is involved in cell detachment from an
extracellular matrix. As adhesion and invasion require high levels of proliferation and migration of

trophoblast cells, SERPINE1 may regulate this process. Furthermore, invasive implantation can be
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considered to “wound” the epithelium, and thus may require SERPINE1l-mediated epithelial
proliferation and wound repair. These actions of SERPINE1 and its degree of upregulation in the

adhesome made this protein a strong candidate for validation and functional assessment.

SERPINE1 was strongly detected in the mid-secretory endometrium (Figure 6.17). Epithelial
staining trended towards increased intensity in the infertile endometrium (P = 0.19), and non-

epithelial staining was significantly higher in the infertile compared to fertile samples (P = 0.03).
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Figure 6.17: SERPINE1 is elevated in the infertile mid-secretory endometrium. PTGS2 is elevated in
the human endometrium and immunolocalised to the epithelium and stromal cells of the fertile and
infertile endometrium. Non-epithelial staining of both PTGS2 is significantly higher in the infertile
endometrium (Mann-Whitney: P = 0.03) but epithelial expression is not altered (Mann-Whitney: P =
0.19). Scale bars represent 200 um, isotype controls inset. Individual data points represent biologically
independent samples (n > 4 for each). Data expressed as mean = SEM immunostained pixels.
SERPINE1 mRNA was significantly reduced by more than 70% across most timepoints
examined; additional replicates would provide further clarity (P < 0.10 for all; Figure 6.18 A). siRNA
knockdown of SERPINE1 in ECC-1 cells did not affect TER (Figure 6.18 B), but significantly lowered the
adhesion of trophectoderm spheroids (P = 0.04; Figure 6.18 C). This implies SERPINE1 to be significant

in maintaining the adhesive capacity of endometrial epithelial cells, functionally validating its presence

in the adhesome.
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Figure 6.18: siRNA reduction of SERPINE1 affects ECC-1 function. A) SERPINE1 mRNA was reduced in
ECC-1 cells at various timepoints throughout hormonal priming compared to scramble siRNA control:
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at the addition of serum free medium (+ SFM; unpaired t-test: P = 0.02), addition of E (+ E; unpaired
t-test: P =0.08), addition of E + MPA (+ E + MPA; unpaired t-test: P <0.01), and at the time of spheroid
addition (+ SPR; Mann-Whitney: P = 0.1). B) In comparison to scramble control (black), siRNA
reduction of SERPINE1 (pink) did not affect transepithelial resistance (TER) after hormonal priming
with E compared to TER following serum starvation (E/SFM; P = 0.61), following priming with E + MPA
compared to serum starvation (E+MPA/SFM; P = 0.88), or E + MPA compared to TER following E
(E+MPA/E; P = 0.91). Data connected by lines are from the same experimental replicate, analysed by
unpaired t test. C) SERPINE1 reduction significantly reduced the adhesive capacity of ECC-1 cells
compared to scramble siRNA control (unpaired t-test: P = 0.04). Individual points represent
independent replicates. Data presented as mean + SEM, derived from n = 3-5 biologically independent
replicates.

6.3.4 Hormonal regulation of receptome and adhesome proteins in ECC-1 cells

RNA was harvested from control ECC-1 cells undergoing siRNA knockdown (exposed to scramble
siRNA) across hormonal priming. The expression of receptome and adhesome genes was assessed
using gPCR to provide pilot data on hormonal regulation of these genes in ECC-1 cells (Figure 6.19). In
comparison to basal conditions, PC4 expression was significantly increased approximately 1.5-fold by
application of E (P = 0.02; Figure 6.19 A), this was not maintained with addition of MPA (P = 0.54).
PTGS2 was significantly elevated by application of hormones compared to basal and starved
conditions (P < 0.001; Figure 6.19 E). No effect of hormonal priming was observed on any other gene
investigated. One outlier was removed from the analysis of STMN1, and as such no statistical analysis

was performed on the resultant data.

It must be taken into account that the primers utilised for PTGS2 and STMN1 gene expression
analysis were unable to validate the siRNA knockdown, and may not give an accurate reflection of the
hormonal regulation of these genes. Further investigation with primers of a greater specificity or

efficiency is required.
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Figure 6.19: Hormonal regulation of receptome and adhesome genes in ECC-1. RNA was collected
from ECC-1 cells before and after serum starvation (basal, starved), after treatment with E (E), and
after treatment with E + MPA (EP). Fold change of mRNA, normalised to RPL19, was determined for
each group compared to basal. Treatment with E significantly increased the expression of PC4 in ECC-
1 cells compared to basal levels (A; P = 0.02). This was not maintained by treatment with E + MPA (EP,
P = 0.5). PTGS2 (E) was significantly elevated following treatment with E compared to basal and
starved conditions (P = 0.02, < 0.01 respectively), and elevated by E + MPA compared to all other
conditions (P < 0.001 vs basal and starved, P = 0.04 compared to E). No effect of hormonal treatment
was observed on LGMN (B; P = 0.60), SLIRP (C; P > 0.99), or SERPINE1 (F; P = 0.97). As n=2 were
available for STMN1 (D), no statistics were performed. Kruskal-Wallis (A)/One-way ANOVA (B, C, E, F):
* *% P <0.05<0.001 versus basal; ### P < 0.001 versus starved; + P < 0.05 versus E. N=2-3 biologically
independent replicates, denoted by individual data points.

6.3.5 Receptome and adhesome proteins in human endometrial epithelial organoids

As ECC-1 cells did not show the anticipated hormonal regulation of receptome and adhesome
proteins, nor did cell culture experiments provide clear results of receptome and adhesome protein
functions, | turned to hEEO as a more physiological model. To investigate these proteins in hEEO, |
further analysed available scRNA-seq data (Fitzgerald et al., 2019). For each protein investigated in

this chapter, corresponding gene expression was detected in at least one condition. The Log fold-
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change of FPKM (fragment reads per kilobase transcript per million mapped reads: indicates relative
gene expression), and false discovery rate P-value, as determined by a bioinformatician, is provided in
Table 6.2. As the log fold-change was inversely representative of regulation, | assessed the FPKM
where data was available for a visual representation of regulation (Figure 6.20). No data available
indicates that a gene was not differentially regulated between conditions, and not necessarily an

absence of expression.

Table 6.2: Log fold change of genes of interest in hormonally treated hEEO as determined by
scRNAseq analysis. The log fold change (LogFC) in expression and false discovery rate P value (FDR)
were determined by bioinformatics and published in Fitzgerald et al. (2019). Note: a negative LogFC is
representative of an increase in gene expression. (-) No data available. Performed in technical
triplicate, n = 1. C, control untreated, E, estrogen treatment; EP estrogen/progesterone, EPC EP+cAMP

EvsC EPvsC EPCvs C EPC vs EP

Gene LogFC FDR LogFC FDR LogFC FDR LogFC FDR
PC4 -0.22 0.17 - 0.33 6x1073 -

KYNU -0.94 1.7x10% | -1.71  1.1x10% | -3.86 7.3x10%! | -2.16  1.4x10
LGMN 0.62 5.9x10°® - - -

STMN1 0.48 9.6x10* - 2.56 6.9x10%% | 0.67 1.6x10Y
CDA -1.71 1.7x103 -3.2 2.3x10* | -4.03 7.2x10°® | -0.81 1.0x10%
SLIRP 0.07 0.74 - 0.48  1.7x10™ -

PTGS2 -5.52 5.7x10%° | -6.33  3.1x10* | -9.00 0.00 -2.68 8.3x10%
SERPINE1 -3.41 1.4x103! - - -

PCA4 (listed as SUB1 in the dataset) was differentially expressed in hEEO treated with hormones
(E, EP, EPC; Section 6.2.5) compared to vehicle control (C), reflected in the log fold change values
(Table 6.2) and FPKM values (Figure 6.20). PC4 FPKM was non-significantly elevated by application of
E (P = 0.053) in comparison to vehicle control. Treatment of hEEO with EPC significantly reduced the
expression of PC4 (P < 0.01). FPKM data was not available for the comparison of EP compared to

control and EPC compared to EP.

KYNU was differentially expressed in hormonally primed hEEO compared to vehicle control
(Table 6.2, Figure 6.20). The FPKM of KYNU was increased by the application of E (P < 0.01), EP (P <
0.01), and EPC (P < 0.0001) in comparison to vehicle control. EPC further elevated the expression of

KYNU in comparison to treatment with EP alone (P < 0.0001).

LGMN expression (LogFC and FPKM; Table 6.2, Figure 6.20) was significantly reduced by the

application of E (P < 0.0001). No data was available for the other conditions.
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CDA expression (LogFC and FPKM; Table 6.2, Figure 6.20) was increased by application of E (P
<0.001), EP (P <0.01), and EPC (P < 0.001). EPC further increased the expression of CDA compared to
treatment with EP. While not consistently detected in the endometrial epithelium (Figure 6.15), CDA

may be expressed within the epithelium during in vitro culture, thus being detected in these hEEO.

The FPKM of STMN1 (protein unable to be detected by immunohistochemistry) trended to
reduction by all hormones applied: E and EPC vs control, and EPC vs EP (all P = 0.10). LogFC available

in Table 6.2. No data was available for the application of EP vs control.

PTGS2 expression (LogFC and FPKM; Table 6.2, Figure 6.20) was significantly increased by E (P
< 0.0001), EP (P < 0.0001), and EPC (P < 0.0001) compared to vehicle control. EPC increased the

expression of PTGS2 in comparison to EP alone (P < 0.0001).

SERPINE1 expression (LogFC and FPKM; Table 6.2, Figure 6.19) was increased by E in

comparison to control conditions (P < 0.01). No data was available for other conditions.

In summary, this data demonstrates that a number of receptome and adhesome genes are
expressed in hEEO, providing a primary culture model more appropriate than ECC-1 cells to validate
and interrogate these proteins and determine their functions. Their hormonal regulation gives further
credence to these genes being differentially expressed across the menstrual cycle, and their likely

involvement in the regulation of endometrial receptivity.
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Figure 6.20: Expression of receptome and adhesome genes are hormonally regulated in hEEO.

Hormonal priming alters the expression of receptome and adhesome genes in hEEO as determined by
scRNAseq (Fitzgerald et al., 2019). C: control; E: primed with E; EP: primed with E + MPA; EPC: Primed
with E + MPA + cAMP. Data expressed as mean + SEM FPKM derived from n=1 hEEO technical
triplicate. N.D: no data available. Unpaired t-test: *P < 0.05; **P < 0.01; **P < 0.001; ****P < 0.0001.
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6.4 Discussion and conclusions
Previous proteomic analyses of the human endometrial epithelial receptome and embryo-

endometrium adhesome defined novel protein biomarkers of human endometrial receptivity and
embryo adhesion (Evans et al., 2020a): validation of some individual proteins (my preliminary studies),
used qualitative immunohistochemistry on mid-secretory endometrial sections (encompassing the
“window of implantation”). In an extension of this work, | have here quantified the expression of 8
individual receptome and adhesome proteins and interrogated their functions: results are
summarised in Table 6.3. Of these proteins, PC4 was validated to some extent by
immunohistochemistry, while siRNA knockdown indicated SLIRP, STMN1 and SERPINE1 as functional

players in endometrial receptivity and embryo adhesion.

Initial proteomic analysis was performed using a human embryo-endometrial adhesion
model: a 2D cell culture of primary endometrial epithelial cells in conjunction with embryo “mimics”
(trophectodermal cell line formed into spheroids). Interrogation generated a potential receptome
(epithelium alone) and adhesome (adhesive co-culture). With the very high resolution of proteomic
and large scale bioinformatic data-sets, comes an increased challenge in validation to tease out
functions of individual or linked moieties. These issues include: selection of tissues or cells to
interrogate; identifying the most significant components for individual investigation while avoiding

the red-herrings; and utilising appropriate methods to demonstrate functional effects.

Validation was performed on endometrial tissue sections, and in some cases, immunostaining
was evident in both epithelium and stroma. Quantification was predominantly of staining intensity in
glandular epithelium, as the luminal epithelium is a delicate structure often lost during tissue
processing for histology and thus not present in all tissue sections. However, in the majority of samples
in which luminal and glandular epithelium were present, staining was noted at a similar intensity.
Given that the original co-culture model typically discriminates between fertile and infertile women
under conditions representative of the ‘receptive’ mid-secretory phase (Evans et al., 2020b) it is not
surprising that significant differences in immunostaining were typically observed between fertile and
infertile tissue of the same phase, rather than as changes across the menstrual cycle. Furthermore,
for ‘adhesome’ proteins, appropriate validation would require the presence of an embryo in the model
and regrettably sections through the spheroid-epithelial cell interface were not available for

interrogation (Section 2.6.1.1).

Table 6.3: Summary of results. The immunolocalisation of 8 receptome and adhesome proteins, their
regulation within the endometrium, functional effects of siRNA knockdown, and hormonal regulation
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in in vitro epithelial cells are summarised. (-) Neither up- or down-regulated; N/A: data not available;

ns: no significance in any group; *, **, *** P <0.05, 0.01, 0.001 respectively.
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Unpredictable outliers, as seen within the data, may arise from variability in menstrual cycle
length, and from the difficulties in accurate endometrial biopsy dating (Alfer et al., 2020; Diaz-Gimeno
et al., 2013; Murray et al., 2004). The samples used herein were dated by classical Noyes criteria
(Noyes et al., 1950). Accuracy of dating is improved when sampling follows detection of the LH surge
—this is not available in our laboratory. In relation to the obesity focus of this thesis, while BMI did not
differ between the groups of donors examined, specific collections from lean or obese women would

identify any impact of obesity and potential exposure to elevated AGEs, on significant proteins.

Within the mid-secretory phase of the menstrual cycle, 3 of 8 specific receptome and adhesome
proteins were differentially expressed in the fertile and infertile endometrium, namely PC4 (Figure
6.2), PTGS2, and SERPINE1 (Figures 6.15, 6.17). PC4 was reduced in infertile mid-secretory epithelium
and significantly lowered in the non-epithelial components of the infertile early-secretory
endometrium, indicating a contribution to the infertile phenotype. Given the complex role of this
protein in the regulation of gene transcription, DNA repair, and cellular growth (Conesa and Acker,

2010), dysregulation within the infertile endometrium is likely to have widespread effects.

Immunoreactive PTGS2 was low in both fertile and infertile mid-secretory endometrial epithelium
but given its identification as an adhesome protein, with modulation by the trophectoderm spheroid
or its secretions, comprehensive validation would require the use of spheroid-epithelium interface
sections for immunohistochemistry (Section 2.6.1.1). Additionally, for both the upregulated
adhesome proteins PTGS2 and SERPINE1, primary infertility was associated with increased expression
within the stromal compartment (Figure 6.15, 6.17). It has been proposed that the stromal
compartment can act as a sensor for the quality of an approaching embryo (Brosens et al., 2014;
Macklon and Brosens, 2014; Teklenburg et al., 2010), and dysregulation of adhesome proteins may
hinder the ability of the endometrium to identify a quality embryo. Alternatively, the involvement of
PTGS2 in stromal cell decidualisation (Han et al., 1996; Lim et al., 1997) may result in aberrant
decidualisation of the ‘infertile’ stromal fibroblasts, providing an inappropriate environment for
embryo implantation. As these adhesome proteins are modulated by the interaction of
trophectodermal cells with the epithelium, it is possible that they may be subsequently regulated in

the stromal compartment by the trophoblast once it has traversed the epithelium.

Regulation of gene expression of the selected proteins by estrogen and progesterone was also
investigated in both hormonally primed ECC-1 cells and hEEO. Only PTGS2 and PC4 were hormonally
modulated in ECC-1 cells (Figure 6.19) but within hEEO, all investigated genes were significantly
modulated by estrogen, progesterone, and cAMP (Table 6.2, Figure 6.20; Fitzgerald et al., 2019)

strengthening the case for use of primary cells. Furthermore, there is commonly a difference between
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the genomic and the proteomic landscape due to a disconnect between transcription and translation.
STMN1 gene expression trended towards reduction by all hormones in this study (Table 6.2, Figure
6.20), reflecting the protein data of Dominguez et al. (2009) who identified STMN1 in intact
endometrium, rather than in purified epithelial cells in vitro (i.e. the receptome); the growth factors
present in organoid expansion medium may regulate STMN1 expression in a manner more reflective

of the in vivo endometrial environment.

The expression patterns of PC4, SLIRP, and PTGS2, with respect to the menstrual cycle and fertility

status are presented in Figure 6.21.
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Figure 6.21: Conceptual contribution of receptome proteins to the regulation of endometrial
receptivity. SLIRP and PC4 protein levels are not modulated across the menstrual cycle (solid blue bars
indicate expression), but is impacted by fertility status. PC4 is a transcriptional regulator more weakly
immunolocalised in the infertile endometrium. SLIRP influences the activation of the estrogen
receptor a and is somewhat increased by infertility: too much SLIRP may result in deficient response
to estrogen including progesterone receptor expression. SLIRP is downregulated in the adhesome
(upon embryo adhesion). Together these proteins may regulate other proteins in the receptome and
adhesome, such as PTGS2, which is upregulated by Estrogen (E) and progesterone (P), and spheroid
adhesion. *: statistically significant difference. Figure generated by David Young, used with
permission.
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Use of siRNA knockdown to target specific receptome and adhesome proteins revealed that SLIRP,
STMN1, and SERPINE1 were significant in modulating functional markers of endometrial receptivity:
transepithelial resistance (TER) and adhesion of trophectoderm spheroids. The reduction in spheroid
adhesion to siRNA-treated ECC-1 for SLIRP, STMN1, and SERPINE1 validates the functions of these
proteins in this model. Since siRNA knockdown does not fully delete the protein, future work could
focus on complete protein knock-out through genetic manipulation such as CRISPr technologies, to

generate knock-out cell lines or to modulate the expression of these proteins in hEEO.

SLIRP was identified within the receptome and adhesome, and was not significantly altered in the
endometrium by cycle phase or fertility status (Figure 6.13), but siRNA reduction demonstrated a likely
functional role of this protein in maintaining epithelial tight junction integrity (Figure 6.14 B).
Physiologically, reduction of this protein at the moment of spheroid or embryo adhesion may enable
relaxation of tight junctions facilitating invasive implantation. SLIRP in the receptive endometrial
epithelium may help maintain the barrier function of the luminal epithelium prior to adhesion, with
its specific reduction at the site of adhesion allowing relaxation of epithelial cell-cell contacts and
polarity necessary for implantation. As one function of SLIRP is in repressing estrogen receptor a
transactivation (Hatchell et al., 2006), whether ERa action assists in maintaining tight junctions could
be examined. Estrogen directly impacts the polarity marker Scribble (Jin et al., 2020), and hormonal
priming of ECC-1 reduces their polarity and tight junction integrity (Whitby et al., 2018). Whether SLIRP
can indirectly regulate markers of polarity such as Crumbs and Stardust is an avenue for further
examination (Whitby et al.,, 2018). SLIRP is upregulated in receptive endometrial epithelial cells
(receptome), and its reduction throughout hormonal priming may have impacted other aspects of
receptivity in ECC-1 cells (Figure 6.14 C), hence the reduction in adhesion of trophectoderm cells.
Further, embryonic secretions may impact the expression of SLIRP at the maternal-fetal interface,
orchestrating localised hormonal response. The hypothetical actions of SLIRP in this context are
summarised in Figure 6.22. Conversely, while its protein was significantly reduced in the infertile
endometrium (Figure 6.2), PC4 knockdown did not impact ECC-1 function (Figure 6.3), indicating
potential redundancy or compensatory mechanisms for this protein: an endometrial backup plan for
acquiring receptivity. Indeed it is well accepted that redundancy is particularly common in

reproductive tissues (Luu et al., 2004).
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Figure 6.22: Hypothetical actions of SLIRP in embryo adhesion and implantation. SLIRP is a nuclear
receptor co-repressor, and is reduced in epithelial cells upon adhesion of trophectoderm (embryo
mimic, adhesome). The reduction of SLIRP at the maternal-fetal interface relaxes tight junctions,
potentially through estrogen-mediated mechanisms which support embryo implantation. SLIRP
expression adjacent to the implantation site may provide localised hormone responsiveness and direct
an active zone of endometrial receptivity. The role of embryo derived factors on SLIRP expression will
provide additional information on the regulation of the maternal-fetal interface. Figure generated by
David Young, used with permission.

6.4.1 How physiological is the spheroid adhesion model?

The model used to define the adhesome and receptome provides a clear picture of trophectoderm-
epithelial interactions using purified cell populations, and discriminates between fertile and infertile
women (Evans et al., 2020b). However, this relies on the base assumption that the epithelium and
embryo trophectoderm form a physical attachment in vivo. Mechanisms of embryo implantation differ
significantly between species: in contrast to the mouse embryo which induces entosis of luminal
epithelial cells enabling invasion into the stroma (Li et al., 2016), it is plausible that the embryo may
attach to the glycocalyx and invade around epithelial cells (Bentin-Ley et al., 2000). Presumably there
must be at least transient attachment with the embryo tethered to the epithelium, with the ICM
apposed to the epithelium in the human, or away from the epithelium in the mouse (Zhang et al.,
2014). Whether direct cell-cell contact is made between the embryo and the apical surface of the

luminal epithelium is unclear (Aplin and Kimber, 2004; Aplin and Ruane, 2017; Lopata, 1996), and very
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few models exist that do not include cancer cell lines or differentiated trophoblast. Remodelling of the
glycocalyx, including local reduction of MUC1 cleavage of the glycoprotein dystroglycan—necessary
for BeWo trophoblast spheroid adhesion—may not result in cell junction formation between the
embryo and the epithelium (Heng et al., 2015; Meseguer et al., 2001). Lopata (1996) argues that such
remodelling allows proximity of trophectoderm and epithelial membranes such that trophectoderm
protrusions can invade through the epithelium and provide stability to the maternal-fetal interface.
Indeed, in ruminants, the trophoblast develops finger-like villi, inserted into the gland openings to
anchor the conceptus (Guillomot et al., 1981). In support of this, gene ontology terms including focal
adhesion and cell-cell adherens junctions, are enriched in receptive epithelial cells (the receptome),
but while focal adhesion is enriched in the adhesome, cell-cell adhesion and adherens junctions are

downregulated.

Conversely, does a non-receptive interaction between the endometrium and embryo mean
that no adhesion occurs? It is unknown how the fluid dynamics of the uterine histotroph govern the
location of the embryo, and whether the blastocyst will be in proximity to the endometrial epithelium
in every conception cycle. The adhesome used here, was generated based on adhesion of spheroids-
possibly determined by underlying fertility. Within the milieu of maternal-fetal cross talk, there are
several potential mechanisms for non-receptive interactions: 1) The blastocyst secretions are
insufficient to inform the endometrium that adhesive interaction is to take place (poor quality
embryo), and anti-adhesive molecules such as Mucin 1 are not downregulated (Meseguer et al., 2001);
2) the endometrium is unable to respond to autocrine and paracrine cues to provide an adhesive
surface (endometrial non-receptivity); and 3) early adhesion and preliminary invasion occurs with very
early pregnancy loss. There is evidence that up to 22% of pregnancies spontaneously end before
clinical detection (Wilcox et al., 1988), and that embryos which implant after the presumed window
of implantation are highly likely to miscarry: 82% of embryos that implant after 11 days following
ovulation resulted in miscarriage in less than 6 weeks (Wilcox et al., 1999). Thus, it is possible in a non-
receptive cycle, for an implanting conceptus to be lost at the onset of next menses without maternal

recognition of pregnancy, rather than a complete absence of interaction occurring.

Specific aspects of the model used must also be considered in its physiological relevance and
translational potential. Namely, how closely does the trophectoderm spheroid resemble a blastocyst?
In gross morphology, the two entities are significantly different: although of similar size (0.1-0.2 mm
(Evans et al., 2020b)), the spheroid is a dense ball of 2500 trophectoderm cells, whereas the human
embryo contains approximately 170 cells of two distinct lineages, the size being generated by a fluid
filled blastocoel (Hardy et al., 1989). On a molecular level, the human blastocyst is a highly metabolic

and secretory entity, generating a highly acidic microenvironment which is proposed to influence the
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maternal environment and interactions (Gardner, 2015): blastocyst-derived lactic acid induces the
release of ATP from luminal epithelial cells and can initiate stromal cell decidualisation, mediating
interactions between the blastocyst and endometrium (Gu et al., 2020). Further, metabolism is highly
correlated to embryo quality and implantation success (Ferrick et al., 2020), and the secretion of hCG
from the blastocyst directs maternal recognition of pregnancy. In addition, the production of
exosomes from the embryo contribute to maternal-fetal cross talk (Giacomini et al., 2017). The
metabolism, lactic acid production, and hCG secretion of trophectoderm spheroids is unknown. Work
in this laboratory has recovered functional extracellular vesicles from spheroid-conditioned media
(unpublished data), though it has not been possible to compare their cargo to that of vesicles from
human embryos. In complementary studies, the human endometrium releases embryo-modulating
extracellular vesicles (Blazquez et al., 2018; Gurung et al., 2020) that can be taken up by and modify
trophectodermal cells (Gurung et al., 2020). In the human blastocyst, communication between the
ICM and the trophectoderm may regulate trophectoderm-endometrium interactions, potentially
through extracellular vesicles (B. Simon et al., 2020). The spheroids used here do not contain a
blastocoel, unlike some models (Lee et al., 2015). Future work will determine the similarities in

secretions and maternal-fetal cross talk between trophectoderm spheroids and embryos.

Even considering these substantial differences between a spheroid and a blastocyst, the
benefits of these trophectoderm spheroids as a proxy are significant. The trophectoderm cells in this
study are less differentiated than other cell lines (i.e. BeWo, HTR8/SVneo), they actively secrete
extracellular vesicles into their surrounding environment, and were used adherent to primary, rather
than carcinoma epithelial cells, to define the adhesome and receptome. The discrimination of this
adhesion between fertile and infertile parent tissue implies that these spheroids respond to unique

maternal cues.

6.4.2 Translational impact and future directions
This validation of specific receptome proteins as modulated by infertility and of functional importance

in adhesion of trophectoderm spheroids provides a foundation for future research. In the context of
other work presented in this thesis, it provides molecular targets for examination of the effects of
obesity-related AGEs on endometrial receptivity. If affected, therapeutics could be applied to
normalise relative expressions of these proteins. Importantly, while this study has focussed on the
endometrium, the relative contribution of the trophectoderm to the proteomic adhesome remains to

be examined, along with the functional effects of the proteins on trophectoderm.

A variety of avenues exist for the translation of this data. The relative expression of specific
receptome proteins within the endometrium of women undergoing ART could be assayed to

determine if particular treatment courses are impacting the molecular receptivity of the endometrium
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and as such advance personalised reproductive medicine. Conversely, these proteins could be
targeted in novel contraceptive strategies to retain the endometrium in a non-receptive state, such as
using antisense oligonucleotides or specific protein inhibitors, including non-steroidal anti-

inflammatory drugs which target PTGS2.

Increasing relative quantities of adhesome and receptome proteins may not necessarily be
beneficial to endometrial receptivity and improving the rate of successful implantation, and could
instead be too much of a good thing; several receptome proteins are elevated in the infertile mid-
secretory endometrium and this may be detrimental to fertility (Edgell et al., 2018). The network of
proteins involved in receptivity and adhesion is likely finely tuned, with aberrations in expression
leading to disrupted fertility, as seen for CSF-3 in uterine fluid (Edgell et al, 2018). Excess receptive and
adhesive proteins could lead to excessive implantation, such as in the condition, placenta previa, or
the implantation of a poor-quality embryo. Conversely, too little of each may result in the loss of
quality embryos from the endometrium through implantation failure or miscarriage. Given the
necessary balance of proteins, disrupting this balance may provide novel avenues for non-hormonal
contraceptives. In terms of improving the success of conception, optimising the ratios between

receptome proteins across the menstrual cycle may be beneficial.

6.5 “Take home” message
Individual proteins identified in the human endometrial receptome and adhesome were validated as

being present in the human endometrium and functionally significant in human endometrial epithelial
cells (ECC-1). Specific proteins are likely important in preparing and maintaining the site of
implantation within the endometrium, as has been shown by investigation of single proteins. This
work provides further understanding of the requisites for implantation at the proteomic level, and

provides potential novel protein targets for future research.
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Chapter 7: General discussion
Contextualising this thesis and its future applications

Obesity affects up to 30% of reproductively aged women, and the prevalence of obesity continues to
rise globally (Australian Institute of Health and Welfare, 2017; World Health Organisation). Translation
of this research therefore has the potential for significant impact. Advanced Glycation Endproducts
(AGEs), highly elevated in the obese uterine environment, are emerging as a potential mediator of
obesity-related infertility (Antoniotti et al., 2018). The studies presented in this thesis demonstrate
functional effects of obesity-associated AGEs on maternal-fetal interactions with significant clinical
implications for fertility and infertility (summarised in Figure 7.1). Specifically, AGEs equimolar with
the obese uterine fluid microenvironment were found to detrimentally impact endometrial function,
preimplantation embryo development and embryo-endometrium interactions. Antagonism of

appropriate receptors and targeting of downstream events mitigate AGEs induced effects.

7.1 Major findings of this thesis
Previous research determined reduced adhesiveness of trophectoderm and invasion of trophoblast

cells by physiologically obese concentrations of AGEs, indicating there may be impacts of AGEs on the
development of the preimplantation embryo. Given the long term effects of altered environments on
early embryonic development (the DOHaD hypothesis (Barker, 1995)), it was imperative to
understand the implications of obese AGEs on the embryo. In Chapter 3 of this thesis, | showed that
AGEs equimolar to the obese uterine fluid microenvironment significantly impacted the blastocyst,
with effects noticeable by day four, and continued to day five of development. The hatching rate of
blastocysts was reduced, and the embryos were significantly smaller than those cultured in
physiologically lean, or no AGEs: the trophectoderm comprised fewer cells, this was improved by small
molecule antagonism of RAGE, but not metformin nor antioxidants. Trophectoderm function was
further compromised, with blastocysts cultured in obese AGEs demonstrating reduced outgrowth, an
in vitro marker of implantation in vivo (Binder et al., 2015). These findings substantiate clinical reports
of placental insufficiency in obese women, including the disproportionate rates of spontaneous
miscarriage of euploid embryos (Bellver et al., 2003; Tremellen et al., 2017) and preeclampsia (Roberts

et al., 2011).

Previously, Antoniotti et al. (2018) demonstrated reduced proliferation of endometrial
epithelial cells in the presence of obese AGEs. The research described in Chapter 4 recapitulated this
effect of obesity-associated AGEs, and the application of antioxidants successfully restored the rate of
proliferation of endometrial epithelial cells. Neither receptor antagonism nor metformin were able to
improve the rate of proliferation. This provides a promising foundation for normalising the functions

of the obese uterine environment therapeutically.
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In Chapter 5, | sought to recapitulate work from cell line studies to a more physiologically
relevant model of human endometrial epithelium. When exposed to obese levels of AGEs, human
endometrial epithelial organoids were affected functionally: increased cytokine secretion from intact
organoids and altered proliferation of organoid-derived epithelial cells was observed versus lean AGEs
levels. Significant biological variation was noted between samples: those derived from women with
ovarian abnormalities (ovarian cyst, PCOS) showed AGEs-induced effects on proliferation in an inverse
manner. Thus, AGEs-induced inflammation within the uterine microenvironment may promote a non-

receptive phenotype and compromise maternal-fetal interactions.

Earlier published work from this laboratory, had performed proteomic interrogation of
trophectoderm-spheroid interactions using primary human endometrial epithelial cells from fertile
and infertile women and defined the human endometrial epithelial ‘receptome’ and embryo-
endometrial ‘adhesome’ (Evans et al., 2020a). In Chapter 6, | sought to further validate a number of
the highly regulated receptome and adhesome proteins. | identified PC4 as modulated in the infertile
endometrium versus fertile, and SLIRP to be functionally important in endometrial epithelial cell
function. These proteins may act to regulate the development of endometrial receptivity and
hormone-responsiveness of the endometrium. In addition, they represent targets for investigation in
the obese uterine environment to understand the mechanisms underpinning obesity-related

infertility.

Together, these findings enhance our understanding of maternal-fetal interactions within the
obese uterine environment and demonstrate the capacity of AGEs equimolar with those in obese
uterine fluid to modulate several functional parameters of the endometrium and the preimplantation
embryo. This provides novel potential avenues to assist obese couples, and others with excess levels
of uterine AGEs, who may be struggling to conceive. Provision of a targeted fertility strategy to
complement the advice of maintaining a healthy weight is of significant benefit for couples

approaching reproductive senescence.
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Figure 7.1: Summary of significant findings. A) AGEs equimolar with those in the obese uterine fluid
significantly impair preimplantation embryo trophectoderm formation (reduced trophectoderm cell

number) and function (reduced blastocyst outgrowth). Trophectoderm cell number was improved by

RAGE antagonism. TE: trophectoderm; ICM: inner cell mass. B) Obese AGEs altered the proliferation
kinetics of organoid derived epithelial cells and the secretion of cytokines/chemokines. C) The
reduction in ECC-1 proliferation induced by obese AGEs was improved by the application of

antioxidants. Novel protein biomarkers of endometrial epithelial cell receptivity and embryo adhesion
including PC4 are modulated by infertility and SLIRP is important in epithelial cell function (tight

junction integrity and spheroid adhesion).
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7.2 Clinical implications of this research
The findings of this thesis have substantial potential for translation to current clinical practices,

particularly given the rising numbers of people who experience obesity-related infertility.

7.2.2 To whom does this research apply?
This research is particularly pertinent to obese women experiencing infertility, as an obese BMI is

often a barrier to accessing assisted reproduction: an alternative to substantial weight loss would be
to their advantage. Further, dependent on their uterine concentrations of AGEs, these results may
also be applicable to a broader range of individuals. Numerous conditions, such as diabetes, metabolic
syndrome, and PCOS, are known to elevate systemic AGEs, but little is known about the influence of
these conditions on uterine AGEs. In addition, people with a diet rich in AGEs or glucose may be at risk
of elevated uterine AGEs even with a normal BMI; indeed pre-pregnancy intake of sugary or fast-foods
is related to an increased time to pregnancy and altered fetal outcomes (Moran et al., 2018; Okubo et
al., 2012). This research can also be applied to women not seeking nor currently undergoing IVF, as

reducing intrauterine AGEs could enhance fertility within natural cycles.

7.2.1 What are the clinical implications of this work?
Future work will determine whether serum AGEs correlate to AGEs in uterine fluid, and may identify

a “danger zone” in which embryo transfer should be avoided. Identification of women who are at risk
of AGEs-induced effects on pregnancy establishment could help diagnose reasons for delayed
conception or failed implantation. For obese women who have been attempting to reduce their
weight, intrauterine AGEs may have been reduced to a level not adverse to implantation and
placentation. This could make women with a borderline BMI eligible to access IVF provided no other

substantial and prohibitive risks exist.

Inclusion of quantitative assays, such as ELISA of serum and uterine fluid during patient
workup would identify women with high intrauterine AGEs; quality blastocysts generated through ex
vivo culture could be frozen whilst interventions are undertaken to lower uterine AGEs, maximising
the likelihood of establishing a healthy pregnancy following subsequent frozen embryo transfer. Rapid
assays would inform clinicians for decision making. However, while mass spectrometry is emerging as
the gold standard to investigate AGEs composition and concentration (Perrone et al., 2020), this may
not be practical in a clinical setting as uterine AGEs levels would need to be confirmed in the cycle of

embryo transfer.

Uterine AGEs pose additional complications for emerging technologies such as womb on a
chip and in vivo culture of human embryos. For example, in womb on a chip (Chang et al., 2016),

inclusion of endometrial cells whose function may have been impacted by excess AGEs could have
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downstream effects on the developing embryo. Further, should in vivo culture systems be adopted
into clinical use (Blockeel et al., 2009), elevated AGEs would be a contraindication for their use, as
perfusion of the capsule with uterine fluid would expose the embryo to detrimental levels of AGEs,

compromising its implantation potential following transfer.

7.2.3 Application of targeted AGEs reduction strategies
While maintenance of a healthy weight should be encouraged, weight-loss interventions can take

significant time: although 75% of women willing to engage in pre-pregnancy weight-loss would
consider delaying childbearing during this period (D. Simon et al., 2020), this may not be appropriate
for everyone. Though beneficial to serum carboxymethyl lysine levels (Deo et al., 2017), weight-loss
alone may not be sufficient to reduce uterine AGEs, and targeted reduction of AGEs or pharmaceutical
treatment may provide a more immediate solution for obese women of advanced maternal age
wishing to conceive. It is also possible that weight-loss coupled with reduced uterine AGEs may have
an additive or synergistic effect on fertility. Of importance, weight-loss may not be required for
women with a lean BMI but excess uterine AGEs, with further investigation required around uterine

AGEs in conditions such as diabetes and PCOS.

Dependent on individual circumstances, remediation of AGEs-induced effects on maternal-fetal
interactions could be performed in three ways: 1) generation of a quality blastocyst through assisted
reproduction, complemented with an intrauterine delivery of therapeutics to target the maternal
endometrium; 2) a combination therapy of RAGE antagonism and antioxidants to improve both
preimplantation embryo and endometrial development during natural conception cycles; 3) a general
pre-conception reduction of intrauterine AGEs through dietary or pharmacological intervention.
Reduction of intrauterine AGEs would be best performed in the preceding non-conception cycles to
improve endometrial remodelling and function for subsequent embryo transfer, as indicated above.
Within any conception cycle, intervention must be performed prior to ovulation to prevent additional
AGEs-induced effects on the oocyte within the maternal environment, and be maintained during
embryo development and implantation. Dietary reduction of AGEs should continue through
pregnancy and parturition to prevent exposure of the offspring to AGEs through lactation (Borg et al.,

2018; Csongova et al., 2019).

As RAGE is expressed throughout the body (Ott et al., 2014) there is the potential for off target
effects of receptor antagonism. In addition, dependent on pharmacokinetics, limited active
concentrations of anti-AGEs agents may reach the uterine cavity. To improve this, pharmaceuticals
could be preferentially delivered to the uterine microenvironment by targeted delivery systems (Paul
et al., 2017), or alternatively be delivered intravaginally which allows for more efficient therapeutic

delivery to the uterus while reducing systemic effects (Cicinelli and De Ziegler, 1999; Menkhorst et al.,
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2011). Slow release hydrogels have been successful in improving endometrial regeneration in rodent
models (Zhang et al., 2017), and application of a hydrogel containing anti-AGEs agents during a
conception cycle and at the time of embryo transfer may be a promising potential therapeutic

strategy.

Reduction of uterine AGEs rather than mitigation of downstream effects should be the
primary focus for long term fertility-improving strategies. This may be achieved either by local or
systemic application of the AGEs crosslink breaker Alagebrium (Coughlan et al., 2011), or dietary
intervention to reduce exogenous sources of reactive AGEs (Uribarri et al.,, 2010). Whilst diet
influences the composition of uterine fluid (Kermack et al., 2015), future studies are necessary to
assess the impact of dietary intervention on local AGEs accumulation within the uterine fluid, as this
may not be reflected in serum concentrations. Appropriate clinical trials will be required to assess the

efficacy and impact of targeted AGEs reduction on fertility in obese women.

7.3 ldentifying the priority for targeted AGEs reduction: the embryo or the

endometrium?
As for the method of intervention, individual circumstances will dictate the priority target. Ng et al.

(2020), amongst others (Simdn et al., 2020), argue that appropriate preparation and receptivity of the
endometrium is the primary driver of healthy pregnancy rather than the embryo, and thus should be
considered the main focus of therapeutics. For women approaching reproductive senescence in which
time is of the essence to conceive (Rosenwaks et al., 1995), the endometrium will likely be the priority
for targeted AGEs reduction, as embryos can be cultured ex vivo, or may be donated from other
couples. However, endometrial health should not be the primary focus at the expense of embryo

quality.

Simply focussing on the endometrium might not be sufficient to improve fertility in obese
women as a healthy endometrium may not support the implantation of a lower quality blastocyst
(Brosens et al., 2014; Macklon and Brosens, 2014): it is necessary to optimise both embryo quality and
the maternal environment and neither can be put above the other, particularly for improving natural
conception rates. Thus, for younger women, a holistic AGEs reduction approach can be performed to
improve multiple aspects of fertility, which may not be possible in the remaining reproductive life span

of an older woman.

To tackle the obesity epidemic, interventions are required that will reduce the prevalence of
obesity in the next generations, potentially through epigenetic inheritance (Paliy et al., 2014). Given
that oocytes are not replenished throughout reproductive life, and have limited capacity for self-repair

(Winship et al., 2018), there is currently little that can be done to reverse AGEs induced effects on the
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oocyte. As obesity can influence epigenetic modifications in the oocyte (Hou et al., 2016), impacts of
AGEs on the gamete may be continued; by reducing systemic and uterine AGEs during follicular

maturation and embryo development, we may prevent further changes to the embryonic epigenome.

7.4 Strengths and limitations of this research
In this thesis, | have used a variety of methodologies to assess: 1) endometrial receptivity; 2) the

functional impacts of AGEs on embryo development and reproduction; and 3) the detrimental effect
of AGEs on cellular functions within the reproductive tract. Replication of AGEs-induced effects across
several endpoints highlights the robust nature of these results. The sample sizes used in primary
human models was restricted by the limited availability of human endometrial tissue. While the results
presented in this thesis are valid, additional samples may provide clarity on trends within datasets.
Fertile, secretory phase human tissue is difficult to obtain at the best of times; however, this was

further compounded by COVID-19-related restrictions which limited laboratory time in 2020.

A strength of this work is the use of physiologically relevant concentrations of AGEs, quantified
in the uterine fluid of lean and obese women (Antoniotti et al., 2018), which is in contrast to a
significant proportion of previous reports that apply AGEs by total protein concentration, and do not
identify the concentration of particular AGEs moieties. This does not take into account differing
degrees of in vitro glycation, and may not be physiologically representative. The limitations of the
AGEs used in this research is potential differences in AGEs composition in in vitro vs in vivo (i.e.
concentration of CML versus other species such as pentosidine), which could be explored using mass

spectrometry techniques.

Organoid research, implemented initially in the Salamonsen lab in 2019 by my supervisor Dr
Jemma Evans, represents a significant strength of this thesis. This methodology allowed for the scaling
up of primary epithelial cell culture, and would enable repeated measures on the same donor tissue
to ensure reproducibility. So, should we switch our experimental paradigms to organoid systems in
preference of established cell lines? It could be argued that this is situation specific. Organoid culture
is costly and time-consuming versus standard cell culture techniques, but once established, organoids
can be successfully biobanked and thawed when required. Although still an in vitro system, these cells
are more representative of the physiologically normal human endometrium, as the epithelial cells
within the organoid retain their polarity; thus not all cell line data will be replicated in organoid
research. For example, the organoid studies in this thesis imply that the mode of action of AGEs on
primary human endometrial epithelial cells is not primarily proliferative: AGEs may act through TLR4
to stimulate a pro-inflammatory response, rather than suppressing proliferation and promoting de-

adhesion as seen in ECC-1 cells. This may represent a fundamental difference between cancer cell lines
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and organoid cultured primary cells, and further research into the signalling pathways activated in
each cell type is thus warranted. For pilot studies, investigation in established cell lines would provide
initial data in a more cost-effective manner, before detailed investigation in organoid culture. Many
laboratories do not have access to the primary human endometrium required for organoid
production. While organoids have significant benefits, further development is required for these to
overtake cell lines as the primary culture system of choice. Organoids as currently used here and
elsewhere are comprised of a single endometrial cell type, and inclusion of multiple cell types to
enhance the physiology of the model will be required to give a more comprehensive understanding of

the in vivo environment.

7.4.1 Physiological relevance of the models used
Mouse embryos were used as a necessary proxy to study the earliest stages of embryonic

development and provided an indication of how AGEs may affect human preimplantation
development. Although implantation and placentation are species-specific processes, the impact of
AGEs on human trophectoderm and trophoblast cell lines in vitro support translation of mouse work.
In addition, AGEs-HSA, not glycated mouse serum albumin was applied to mouse embryos, and it is
not known what the AGEs contents of the obese mouse uterine environment are. This could be studied

in both genetic and diet-induced models of obesity.

Limitations of both cell lines and organoid research must also be considered. As discussed in
Chapter 5, adenocarcinoma derived cell lines do not represent the physiology of the healthy
endometrium, and the choice of cell line utilised is critical in experimental work (Bazer and
Salamonsen, 2008; Hannan et al., 2010). Throughout this thesis, ECC-1 cell investigations have either
been used as a in vitro complement to primary cell data (receptome and adhesome), or experimental
results from these re-examined in organoid cell culture (AGEs). Organoids are advantageous for
studying the functions and development of healthy endometrium, but are associated with their own
limitations (Huch et al., 2017). Fitzgerald et al. (2019) demonstrate through scRNA-seq that organoids
contain clonogenic cells with a mixture of epithelial identities, some cells expressing FOXA2 (a marker
of glandular epithelium), and some not, implying both luminal and glandular epithelial cells to be
present. This could be further investigated by assessment of putative markers of luminal epithelium
such as WNT7A (Wang et al., 2020), and to determine if a luminal identity is present in intact
organoids, or is promoted upon dissociation into single cells for monolayer culture. This would be
important for the further study of receptivity and adhesion biomarkers as described in Chapter 6, as

the luminal epithelium is the first point of contact for the approaching blastocyst.
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7.5 Future directions

7.5.1 Personalised medicine: modification of endometrial receptivity
Given the limited ability of the Endometrial Receptivity Array to accurately detect receptivity and

improve IVF outcomes (Simoén et al.,, 2020) and the likelihood that protein or other molecular
biomarkers will prove more useful, further effort should be applied to determine whether receptome
or adhesome proteins may prove useful additional biomarkers. Future studies on AGEs-induced
effects on these biomarkers could be examined in vitro through use of 3D models of the maternal-
fetal interface (Abbas et al., 2020). Understanding the regulation of these proteins in the obese uterine

environment would also be important.

7.5.2 Continued development of models
The combined use of individual models presented in this thesis, could improve our understanding of

endometrial receptivity and the effects of AGEs on embryo implantation potential. For example, co-
culture of organoids and stromal cells to generate a 3D model of the endometrial environment,
potentially using prolactin-reporter stromal cell lines (Haller et al., 2019), could be used in conjunction
with either trophectoderm spheroids or mouse blastocysts to assess the AGEs effects, and
development of receptivity at the maternal-fetal interface, and to further examine proteins of the

human receptome and adhesome, throughout the implantation process.

7.5.3 Examination of downstream consequences of elevated AGEs in the microenvironment
of implantation and placentation
With new clarity of the impact of AGEs on embryos provided here, the downstream consequences and

effects of AGEs on offspring should be examined. Embryo transfers following culture in obese levels
of AGEs, to recipient normal weight females or to recipients exposed to a high AGEs diet would provide
information regarding effects of AGEs on implantation, placentation and on offspring. Complementary
in vitro studies on trophoblast function and syncytialisation will provide further insight to the

molecular and cellular effects of AGEs on placentation.

7.5.4 AGEs and male fertility
It is known that elevated male BMI is detrimental to reproduction (Anifandis et al., 2013; MacDonald

et al., 2013; Stewart et al., 2009). Assessment of healthy sperm function in a high AGEs environment
through sperm motility and chemotaxis assays, and in vitro fertilisation in an AGEs rich medium would
provide insight on the obese maternal effect on sperm function. Fertility effects of male mice exposed
to a high AGEs diet in conjunction with control and high AGEs diet females would ensure the obese

male contribution to the couple’s fertility is not ignored.
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7.6 Concluding remarks
Obese women suffer a disproportionate rate of infertility, but understanding of how excess weight

results in reduced fertility is limited. In the doctor’s office, and in social situations, weight-loss is often
proclaimed as the answer to many problems, which does little to help women approaching
reproductive senescence, or individuals who have struggled with their weight for their entire lives.
This thesis provides insight into how detrimental effects of obesity on reproduction are mediated, and
provides foundations for further investigation into molecular effects of AGEs on implantation
potential. In vitro, AGEs equimolar to the obese uterine environment promote cellular dysfunction of
the preimplantation embryonic trophectoderm, and endometrial epithelial cells. Clinically, reduced
uterine AGEs could improve fertility outcomes for women with obesity and other metabolic disorders,
and possibly be extrapolated to women with a diet rich in glucose or AGEs. A simple, targeted
approach to improving obesity-related infertility may provide profound benefits for those struggling

IM

with the invisible burden of infertility, and help break the dogma of weight-loss as a “cure-all” for

obese women.
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Appendix 1: Widely used Solutions

Al1.1: Tris Buffered Saline (10X)

Tris buffered saline (TBS) was used to wash sections in immunohistochemistry and membranes in

Western Immunoblotting. Stock solution diluted to 1X in distilled water immediately prior to use.

e 80 gNaCl
e 24.2 g Trizma Base (Sigma)
e Volume adjusted to 1 L using distilled water

e pH adjusted to 7.4 with concentrated HCI

TBS-T was made by addition of 2 mL Tween-20 to 1 L of 1X TBS (0.2% vol/vol).

A1.2: Phosphate Buffered Saline (10X)

Phosphate buffered saline (PBS) was used to dialyse AGEs-HSA solutions (made in-house) and wash

sections for immunohistochemistry (Thermofisher).

e 80 gNaCl

o 2gKCl

e 14.4 g Na,HPO4 anhydrous

o 2.4gKH,PO,

e Volume adjusted to 1 L using distilled water

e pH adjusted to 7.4 using concentrated HCI

Stock solution was diluted to 1X in distilled water immediately prior to use.

A1.3: Sodium Citrate antigen retrieval solution (10X)

In all optimised immunohistochemistry protocols, antigen retrieval was performed by immersion of

sections in boiling 10 mM sodium citrate buffer.

e 2.94 g trisodium citrate dehydrate (Sigma)
e Volume adjusted to 1 L with distilled water
e pH adjusted to 6.0 with concentrated HCI
e 0.05 % Tween-20 (% vol/vol)

Stock solution was diluted to 1X in distilled water immediately prior to use.

A1.4 SDS buffer for gel electrophoresis (4X)

SDS buffer was used to denature protein samples for Western Immunoblotting.
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o 4 mLglycerol (100%)
e 2.4mL1MTris/HCl (pH 6.8)
o 0.8gSDS

e Volume adjusted to 10 mL with distilled water

Dithiothreitol was added to a final concentration of 0.1 M immediately prior to use. Buffer diluted to

1X in sample for use in gel electrophoresis.
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Appendix 2: Endometrial 3D Co-Gel

To generate spheroid-monolayer interfaces, a 3D co-gel was utilised to attempt to make a cross
section more amenable to sectioning. The 3D co-gel was developed by a previous PhD student in this
laboratory, Harriet Fitzgerald. Presented here is her optimised protocol, as detailed in her thesis. The
volumes of reagents were doubled to allow generation of the co-gel in a 12-well cell culture insert,

rather than in the original 24-well insert.
Components:

e Fibrinogen (Sigma, 5 mg/mL)

e Thrombin (Sigma, 100 units/mL)
e CaCl, (2M)

e Collagen I (Sigma, 3 mg/mL)

e NaOH (0.1 M)

e Aprotinin (Sigma, 10 mg/mL)

e Protease inhibitor cocktail (Millipore, reconstituted as per manufacturer’s recommendation)

On ice, 87.5 pL thrombin and 0.75 plL CaCl, were combined. In a 12-well cell culture insert, 250 pL
collagen and 45 pL NaOH were mixed gently (final pH 7.3). Two pl of the trypsin inhibitor aprotinin
and protease inhibitor cocktail were added to the collagen mix in the transwell insert. The
thrombin/CaCl, mixture was removed from ice and added to the gel mix. Finally, 175 uL fibrinogen
was added to the gel mix, and the gel set by incubation at 37°C for approximately 1 h. In DMEM/F-12
medium containing 4 uL/mL PI cocktail and 40 ug/mL aprotinin, 10% FCS, and 1% Ab/Am, 1.5 x 10°
ECC-1 cells were seeded on top of the co-gel, and allowed to settle overnight. Hormonal priming was
performed as per standard protocols with the addition of protease inhibitors and aprotinin in the

media.
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Appendix 3: The human adhesome and receptome

Prior to the start of my candidature, proteins involved in endometrial epithelial receptivity and
adhesion of trophectoderm spheroids were identified by proteomics in collaboration with Dr David
Greening, and interrogated to define the human endometrial epithelial “receptome”, and the embryo-
epithelial “adhesome”. The proteomic identification of these, and my preliminary validation have

been published (Appendix 4).

For ease of reference, presented here are the proteins identified in the receptome (receptive
vs non-receptive monolayers) and adhesome (adhesive co-cultures vs all non-adhesive conditions)
from our published report. Proteins that are unique, or exclusive to either the receptome or adhesome
were not identified to be differentially regulated in the alternative. For example, PC4 is uniquely
upregulated in the receptome, as it is not identified to be differentially expressed between adhesive
cultures and non-adhesive conditions, the adhesome. In contrast, PTGS2 is highly upregulated in the
adhesome (in adhesive conditions vs non-adhesive conditions), and is not found either upregulated or

downregulated in the receptome (between receptive vs non-receptive monolayers).

A3.1 String analysis of protein interactions
The protein names from each category of receptome and adhesome proteins were uploaded and their

interactions analysed using STRING version 10.5 (http://string-db.org).

A3.1.1 String analysis: total upregulated proteins of the receptome
136 proteins in total were upregulated in the epithelial receptome. These proteins are the

combination of the proteins uniquely upregulated, upregulated in the receptome and adhesome, and

proteins upregulated in the receptome and downregulated in the adhesome.

String analysis shows clusters of proteins known to interact within this cohort, but the majority
of the upregulated proteins of the receptome have no previously identified or predicted interactions
(Figure A3.1), not surprising as the endometrium is currently understudied. These proteins may not
interact directly but may work together to orchestrate endometrial receptivity. Proteins known to
interact that may pose interesting targets for functional investigation include SLIRP which is connected
to SRRM2, U2SURP, AQE, SARNP, and PC4 (here denoted as SUB1). Connections between proteins
represent known or predicted interactions. Knockdown of interconnected proteins will likely result in
the loss of interactions which may significantly hinder the acquisition of receptivity and thus
determination of proteins which sit at the hub of a number of interactions will enable us to more

appropriately target proteins for functional knockdown studies.

228



Appendices

PURB
@ G 8

CXorf26

PDIAS @
@ HCFC1

CDH6

PPPGR3 @
e LANCLL
E GTF3C4 @

L vear Clorf116
EPS8 8 HSPBIL 6
&1y Oz
@ PSM°1° @ N~ %"
H

PSMD9 MYO5C
SPE1
S &L %
ACOT1 X
CASP7 NNMT EML2
PTPN12 @ e
~ MAPK14

CTNNA2
MRPL44 SPTLC1
-
@ LlCAM
RPL26

‘ s e \ { suire
@ “ SCAMP3 EIFZBZ rEp
7

N%‘@i” \\\:\> \{l(}////h.. APS2L STXBP3 "
\\\'/’ X \- - KRTH KRT16
CD55 \“ ‘\\\ ’//, \ RTN4 —— & PCBD

Q — . RAB3GAP2

/

NLRPZ SRRMZ

§s,

EIF3) SYNGRZ
ACTRlD - pHpT1 AL U2SURP

o
_{ TusG1 KYNU @ GSDMD \-
CoPST7B /
AGTRAP @ SUBL
MARCKS APOA1BP -

PADIL
GRIPAP1
GM2 SLC7A1
i IASF2 iKIAAOSGA e

@

Known Interactions Predicted Interactions Others
At from curated databases At gene neighborhood EA—a9  textmining
B experimentally determined At gene fusions et co-expression
A gene co-occurrence EA—  protein homology

Figure A3.1: Interactions of the proteins upregulated in the receptome. String analysis of the total
proteins upregulated in the receptome.

229



Appendices

A3.1.2 String analysis: total downregulated proteins of the receptome
131 proteins in total were downregulated in the epithelial receptome. These proteins are the

combination of the proteins uniquely downregulated, commonly downregulated in the receptome

and adhesome, and downregulated in the receptome whilst upregulated in the adhesome.

Subsets of proteins downregulated in the receptome have known or are predicted to have
interactions (Figure A3.2). A large number of proteins have no known interactions; however, it is
possible they work together to regulate endometrial receptivity and have not been investigated
together before. Interconnecting proteins of interest for further studies include SNRPD2, which is
connected to NUP43, R8M25, EFTUD1, and RPS 29; and MTOR which is connected to SMARCA4,
LAMTOR3, PRKAA1 and MON2. Overexpression of these proteins may significantly affect the

receptivity of endometrial epithelial cells.
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Figure A3.2: String analysis of the proteins downregulated in the receptome. Known and predicted
interactions of the total proteins downregulated in the receptome.
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A3.1.3 String analysis: total proteins upregulated in the adhesome
In total, 142 proteins were found to be upregulated in the adhesome. These comprise the proteins

uniquely upregulated, commonly upregulated with the receptome, and upregulated in the adhesome

whilst downregulated in the receptome.

There are several networks of known or predicted interactions in the proteins upregulated in
the adhesome (Figure A3.3). For example, KYNU, which is upregulated in the receptome, and further
upregulated in the adhesome, is connected to SQLE and PPM1G, and SDHC is connected to MT-CO1,
COX6C, NDUFAG, and ALH1A1. These proteins are of interest for knockdown studies as their removal
would interrupt a network of protein interactions. Highly upregulated proteins including PTGS2 and
SERPINE1 do not show previously identified or predicted interactions, however it is likely that this
cohort of proteins do interact in some manner to regulate human embryo adhesion but this has not
previously been demonstrated in other systems which are typically curated to perform these

interaction analyses.
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A3.1.4 String analysis: total proteins downregulated in the adhesome
Clusters of proteins with known and predicted interactions exist within the cohort of 143 proteins

downregulated in the human adhesome, as shown in Figure A3.4. Proteins of interest include NUP62,
CRKL, DENR, and SRSF11 as they have multiple interactions. As these proteins are downregulated in
the adhesome, their overexpression may significantly affect embryo adhesion and are therefore of

interest in functional studies.
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A3.2 Unique proteins of the receptome

A3.2.1 Proteins uniquely upregulated in the epithelial receptome

136 proteins were found to be upregulated, and 132 proteins were downregulated in the receptome
in total. In comparison with the adhesome, 78 proteins were uniquely upregulated in the receptome
(Table A3.1), and 61 proteins uniquely downregulated (Table A3.2). These may be considered to more

accurately define biomarkers for the receptive endometrium.

Table A3.1: Proteins uniquely upregulated in the receptome. Proteomic data of proteins found only
to be upregulated in receptive epithelial monolayers.

Proteins uniquely up-regulated in the Receptome
Protein
Accession Number Name LFQ Ratio P-Value
AOA024RB14 RPS26 148828.99 4.1E-03
Q6IBA2 PC4 132259.85 2.4E-03
Q9UNM1 EPFP1 125494.85 2.3E-02
Q53GD1 Q53GD1 115212.97 4.0E-173
Q8wvC2 RPS21 115176.96 2.2E-04
J3QRI7 RPL26 112715.89 4.6E-178
P42766 RPL35 86455.29 1.8E-02
AOA024R5U4 C150rf48 80461.85 2.4E-05
A2A2D0 STMN1 75958.04 8.3E-04
V5NQEO HLA-C 71489.02 1.7E-187
AOA024R8T9 SYNGR2 61886.91 3.1E-03
B2R6X6 B2R6X6 60357.49 2.0E-02
Q6FGB3 PCBD 51061.54 3.5E-04
VOHWC4 HEL-S-132P 43154.94 8.6E-03
P29966 MARCKS 40722.89 1.5E-179
Q13442 PDAP1 34331.49 7.2E-05
P53680 AP2S1 31265.26 1.6E-05
P32320 CDA 30701.14 4.5E-05
H3BMTO JPT2 29823.77 1.1E-161
Q8NCWS5 NAXE 27517.36 2.3E-04
Al1Z1D7 HLA-A 23096.80 1.8E-173
ESRFX7 PLPBP 22960.59 6.1E-03
Q9BWO04 SARG 21905.71 4.0E-02
Q9Y547 HSPB11 21117.36 4.6E-03
Q6KB66 KRT80 20845.58 2.0E-03
J3QR71 DRG2 18796.20 8.0E-160
Q9BVG4 PBDC1 17788.84 2.1E-05
A1LOTO ILVBL 16316.56 2.0E-04
B4EOKS5 MAPK14 15491.64 1.7E-05
Q96CP5 PMPCB 12049.93 6.3E-05
K7ES61 MRPL4 11752.44 1.3E-05
Q14554 PDIAS 11260.18 1.3E-168
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AOA024R3R5
095834
G3V4F2
Q9BPX4
AOPJ79
Q6FHH6
BADW31
B1AJY5
J3KN39

AOA024R8D2
Q05209

AOA024R473
P55210
P51398
P32456
Q96G03

AOAOA8K9B7
B4DX55
Q8TDB6
P57764
Q12929
A8K6Q9

AOA024R9R3
015042
000186
BADHG4

I13L2BO
QO5CN7
HOYH87
QouQ35
Q9Y3R5

AOA024R9L1
P51610

Q9NQX4

E9PF17

AOAO87WZF1
Q53GU8

AOA024RDA6
Q6FH49
Q53G64
Q77329
Q5T9B9
P08779
Q04695

AOA024Q762

Q05DQ7

LBR
EML2
ACOT1
EIF2B2
MRPL1
LANCL1
B4DW31
PSMD10
NLRP2
SLC27A4
PTPN12
MRPL44
CASP7
DAP3
GBP2
PGM2
SLC7A1
B4DX55
DTX3L
GSDMD
EPS8
A8K6Q9
VPS18
U2SURP
STXBP3
BADHG4
CLUH
GTF3C4
ATXN2
SRRM2
DOPEY2
AQR
HCFC1
MYO5C
VCAN
LPP
Q53GU8
IGFBP7
NNMT
Q53G64
L1CAM
ENG
KRT16
KRT17
hCG_1998851
ACTR10

9809.16
9365.59
9359.16
9077.49
8743.71
8510.19
8355.47
8243.06
7982.91
7890.20
7696.50
7235.14
7212.21
6755.70
6611.56
6541.01
6259.10
6078.08
5690.09
4984.02
4294.24
4143.29
3884.76
3331.45
3301.91
3014.09
2939.40
2772.90
1748.80
1725.25
1524.46
1422.96
1331.61
1116.19
5.78
3.16
2.92
2.38
2.26
2.25
2.20
2.16
2.15
2.14
2.11
2.00

6.6E-08
3.5E-04
1.3E-162
3.5E-05
2.9E-03
3.0E-04
6.5E-03
5.4E-04
3.2E-04
7.2E-167
4.9E-06
8.2E-04
8.9E-04
3.0E-02
2.2E-163
1.2E-163
3.5E-07
2.0E-03
1.2E-07
4.8E-157
2.9E-03
2.9E-02
1.9E-02
1.1E-02
1.3E-02
1.9E-04
2.8E-04
2.7E-05
3.5E-02
7.5E-166
1.1E-04
7.2E-03
1.5E-158
3.1E-154
1.2E-10
1.4E-05
4.9E-05
7.2E-04
1.6E-03
1.8E-03
2.1E-03
2.5E-03
3.4E-03
3.1E-03
3.4E-03
6.2E-03
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A3.2.2 Proteins uniquely downregulated in the receptome

61 proteins were found exclusively in the downregulated receptome, as listed in Table A3.2.

Table A3.2: Proteins uniquely downregulated in the receptome. Proteomic data of proteins found
only to be downregulated in receptive epithelial monolayers.

Proteins uniquely down-regulated in Receptome
Protein

Accession Number Name LFQ Ratio | P-Value
AOA087WUD3 OSTC 8.4x10-6 1.3E-02
A4D110 LOC401309 6.7x10® 6.2E-06
P62316 SNRPD2 7.0x10® 3.5E-07
C9Ji34 RANBP1 1.0x10° 1.1E-04
Q59GA0 Q59GA0 1.1x10° 6.9E-04
P49458 SRP9 1.7x10° 3.1E-04
E5RIW3 TBCA 2.1x10° 4.9E-02
Q9UHA4 LAMTOR3 2.3x10° 7.1E-06
G3V5P8 CNIH1 2.5x10° 1.6E-03
P14854 COX6B1 2.8x10° 4.2E-03
095168 NDUFB4 2.8x10° 2.6E-165
Q70UQ0 IKBIP 3.5x10° 6.1E-05
AOA024R6B5 HSPA2 4.1x10° 1.7E-04
Q8N5K1 CISD2 4.4x10-5 1.3E-05
Q3ZCQ8 TIMMS50 5.1x10-5 6.2E-07
B4ADFGO DEK 5.2x10-5 6.7E-03
AOA024R3V8 TSNAX 5.4x10-5 6.3E-06
A2ACR1 PSMB9 5.7x10-5 6.2E-05
Q9H488 POFUT1 5.8x10-5 1.0E-04
Q96A33 Cccbca? 6.7x10-5 6.6E-05
A8K6V7 A8K6V7 6.9x10-5 5.5E-03
Q53FX5 Q53FX5 7.2x10-5 1.6E-02
B4DMVO B4DMVO 7.2x10-5 | 1.0E-170
D3DVFO F11R 7.3x10-5 4.6E-04
H7C5G1 IAH1 8.2x10-5 | 8.0E-159
Q99988 GDF15 8.3x10-5 | 1.3E-162
AOA0C4DG44 HOOK3 1.0x10-4 9.8E-08
AOAO0C4DG44 HTRA2 1.0x10-4 | 1.0E-163
AOA024R292 FVT1 1.0x10-4 1.9E-160
B3KML1 B3KML1 1.1x10-4 4.0E-02
AOPJK4 NUP43 1.1x10-4 1.7E-03
Q96BW5 PTER 1.1x10-4 | 5.9E-160
AOA024RC42 CDH2 1.3x10-4 1.4E-04
Q8NHP8 PLBD2 1.3x10-4 8.1E-165
Q9BV20 MRI1 1.4x10-4 7.1E-04
Q4GG69 NADH4 1.4x10-4 1.9E-161
CI9JIR6 PPM1B 1.4x10-4 | 1.9E-158
D3DUJO AFG3L2 1.4x10-4 5.4E-05
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HOY6NS5
BADSH1
Q6ZNJ9
AOA024ROR1
Q5TDHO
Q9BZK7
Q13131
AO0A024Q7T2
FBWAK2
075976
E7ER68
Q71UH4
D3DVC4
Q5T6L4
AOA024R972
Q6FHV6
P50897
P02786
Q32P28
A8KA19
Q57094
L7RT22
AOA024R1W3

SUN1
BADSH1
FLI00319
ARHGEF1
DDI2
TBLI1XR1
PRKAA1
EXOC2
GIT2
CPD
FAM91A1l
TOP2B
NES
ASS
LAMC1
ENO2
PPT1
TFRC
P3H1
A8KA19
RER1
ITGB5
FKBP10

1.5x10-4
1.6x10-4
1.8x10-4
1.9x10-4
2.1x10-4
2.1x10-4
2.3x10-4
2.9x10-4
3.2x10-4
3.3x10-4
3.4x10-4
3.6x10-4
0.38
0.43
0.44
0.45
0.46
0.47
0.47
0.49
0.49
0.49
0.50

9.8E-03
2.2E-03
9.1E-158
1.2E-04
2.4E-02
6.6E-157
6.6E-03
3.0E-03
3.4E-04
1.9E-02
3.4E-03
7.2E-03
2.7E-04
1.5E-03
2.5E-03
2.6E-03
3.4E-03
4.2E-03
5.4E-03
6.4E-03
6.9E-03
8.6E-03
9.3E-03

A3.3 Unique proteins of the adhesome

A3.3.1 Upregulated proteins of the adhesome

Appendices

In total, 143 proteins were found to be upregulated in the adhesome, and 137 proteins were

downregulated in the adhesome. In comparison with the receptome, 78 proteins were uniquely

upregulated in the adhesome (Table A3.3), and 78 proteins uniquely downregulated (Table 2.4). These

may more accurately represent the proteins involved in the in vivo adhesion process. Of the 78

upregulated proteins unique to the adhesome, 27 have previously been implicated in endometrial

receptivity.

Table A3.3: Proteins uniquely upregulated in the adhesome. Proteomic data of proteins found only

to be upregulated in receptive epithelial monolayers co-cultured with trophectoderm spheroids

versus non-adhesive conditions.

Up-regulated in Adhesome

Protein
Accession Number Name LFQ Ratio P-Value
P35354 PTGS2 381848.79 1.2E-171
HOYMF4 RPL28 141956.25 4.7E-13
A6NLH6 CNIH4 58664.24 7.6E-10
AOA024QYT5 SERPINE1 58522.14 6.1E-34
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P56385
D3DVH1
P19623
AOAODSSEN1
Q9NP97
POCW19
P51884
B772X4
AOA024R9IM9
E9PGT6
Q14512
A8KOF7
P48507
095139
Q9NXJ5
Q68D50
Q8NES86
AOA024R0Q4
A2TJKS
BOS7P4
BADRW6
A8K5MO0
Q9HCO03
095999
Q13867
Q9NQG5
BADLP6
P78318
P50579
B7Z4K8
Q561wW4
B4DKY3
D3DVL7
Q8N335
E7EVQ6
BADM28
Q9Ye6YO
Q9H3S57
B2RBA6
B3KMS81
Q68CZ2
Q58EY4
E9PHT6
A8KAQ3
Q96EY7
Q8NB90
B4DS55
B72670

ATP5I
SDHC
SRM
FAP
DYNLRB1
LIMS3
LUM
B772X4
CHP
COPS8
FGFBP1
A8KOF7
GCLM
NDUFB6
PGPEP1
DKFZp77911858
MCU
PLD3
ERGIC3
BOS7P4
BADRW6
A8K5MO0
Q9HCO03
BCL10
BLMH
RPRD1B
BADLP6
IGBP1
METAP2
B7Z4K8
PPP1R8
B4DKY3
TBRG4
GPD1L
SQLE
B4DM28
IVNS1ABP
PTPN23
B2RBA6
B3KMS81
TNS3
SMARCC1
PANK4
A8KAQ3
PTCD3
SPATAS
B4DS55
B72670

43444.45
32531.11
32200.88
31278.30
28654.86
26485.72
25932.84
22524.82
21904.79
19223.51
19114.82
18944.51
17213.50
15950.00
15266.83
14179.98
13951.85
13447.69
12690.95
12058.79
11855.37
11124.66
9971.09
9832.05
8615.17
8354.09
8306.92
7299.90
6994.07
6965.39
5927.07
5582.91
5455.92
4471.51
4343.84
4141.64
4107.22
4011.86
3202.04
3174.54
2949.16
2930.05
2784.08
2721.98
2512.29
2410.38
2204.24
2151.84

9.6E-17
3.6E-14
8.1E-15
5.0E-24
1.5E-02
2.1E-02
5.9E-10
3.8E-16
9.9E-17
5.2E-10
6.0E-14
9.5E-05
2.1E-10
5.6E-09
5.1E-03
0.0E+00
4.3E-03
0.0E+00
3.5E-17
3.7E-04
0.0E+00
9.8E-04
2.6E-28
6.3E-10
1.3E-12
3.9E-04
1.3E-10
4.0E-27
1.1E-09
1.2E-32
1.1E-03
4.6E-02
2.6E-11
8.3E-40
0.0E+00
9.0E-08
1.1E-05
4.1E-09
4.6E-06
1.8E-08
2.5E-02
3.2E-09
6.3E-18
1.1E-23
1.2E-03
0.0E+00
2.4E-04
3.3E-25
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Q5T1M5
AOA024R5C5
A6NNK5
P35219
VOHW74
Qsaulo9
Q14997
AOA024R3R7
I1VE18
B2RB23
B4E318
Q9BRR6
AOA024Q764
Q5XKPO
Q9UBGO
QSNPK3
B4DM30
060488
13L4X2
AOA024R5J4
AOA024R9B7
Q9Y570
P02792
Q24JP5
014656
Q6LETO

FKBP15
PC
TP53BP1
CA8
HEL-117
NDUFA12
PSME4
HEATR1
SEC22B
B2RB23
B4E318
ADPGK
ALDOC
MIC13
MRC2
SKIV2L
DHX38
ACSL4
ABCC1
SSH3
COoxeC
PPME1
FTL
TMEM132A
TOR1A
KAI1

1995.76

1823.20

1802.91
5.69
5.62
4.97
4.93
4.27
4.23
4.05
4.02
3.74
3.45
3.35
3.30
3.05
2.98
2.94
2.67
2.62
2.45
2.43
2.21
2.11
2.06
2.01
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6.5E-10
2.1E-03
2.4E-03
5.5E-05
2.2E-19
5.2E-05
2.0E-03
5.0E-05
7.7E-03
4.8E-06
1.2E-12
1.2E-04
7.0E-06
2.1E-02
9.0E-05
3.1E-03
4.6E-03
4.0E-08
2.9E-04
2.6E-03
2.2E-03
5.3E-04
6.5E-05
1.8E-04
2.9E-04
9.6E-03

A3.3.2 Proteins downregulated in the adhesome

78 proteins were found to be uniquely downregulated in the adhesome (Table A3.4).

Table A3.4: Proteins uniquely downregulated in the adhesome. Proteomic data of proteins identified
only as downregulated in receptive epithelial monolayers co-cultured with trophectoderm spheroids.

Down-regulated in Adhesome
Protein

Accession Number Name LFQ Ratio P-Value
Q6I1AX2 RPL21 4.69x10-6 4.1E-05
H7C2W9 RPL31 6.42x10-6 1.4E-06
Q99584 S100A13 1.1x10-5 1.5E-05
D3YTB1 RPL32 1.8x10-5 1.9E-178
P47813 EIF1AX 2.5x10-5 5.1E-05
Q53F37 Q53F37 3.0x10-5 1.1E-06
P51688 SGSH 3.5x10-5 3.7E-06
A8K7A4 A8K7A4 3.5x10-5 2.1E-177
B4DQWO B4DQWO 3.6x10-5 8.4E-169
WS8QEH3 LMNA 3.9x10-5 1.6E-183
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BADHY8
Q8NCJ3
Q5JQ44
Q8I1YD1
Q9Y6M5
B4DY59
E9PM92
Q9UBVS
AOAO024RBR3
A8KAQS5
AOA024RAV4
A8K885
Q8NEWO
Q96IN2
B2RBO7
VOHWAS9
QSNVH1
Q68DQ4
MOQXN5
AOAQ024RCB5
Q13445
Q5TFE4
P46109
Q9Y5X3
043617
P09619
095219
Q86U75
Q9Y2X3
AOA024R1K8
QONPQS8
Q15599
Q8NBL9
Q6KEQ1
QO05BU6
Q9H9B7
P40222
Q9ULDO
Q93099
K7EKES8
Q53HG5
Q965W8
Q9co40
I13L1L3
QoBXB4
B4E1Q7
A7E261
A0A024QZS3

TSFM
Q8NCJ3

DKFZp547A0616

GSPT2
SLC30A1
B4DY59
Cllorf58
PEF1
DENR
A8KAQ5
CSDA
A8K885
SLC30A7
GUK1
B2RB0O7
HEL-S-62p
DNAJC11

DKFZp779L0468

NUP62
CHID1
TMED1
NT5DC1
CRKL
SNX5
TRAPPC3
PDGFRB
SNX4
Q86U75
NOP58
Nbla03646
RIC8A
SLC9A3R2
Q8NBL9
HLA-B
SFRS11
Q9H9B7
TXLNA
OGDHL
HGD
NECTIN2
Q53HG5
Q965W8
TRIM2
MYBBP1A
OSBPL11
B4E1Q7
OPLAH
PPAP2A

4.5x10-5
5.2x10-5
5.3x10-5
5.3x10-5
5.4x10-5
5.5x10-5
6.0x10-5
6.1x10-5
6.3x10-5
6.4x10-5
6.5x10-5
7.8x10-5
7.9x10-5
8.1x10-5
9.1x10-5
1.1x10-4
1.1x10-4
1.1x10-4
1.2x10-4
1.2x10-4
1.3x10-4
1.4x10-4
1.5x10-4
1.5x10-4
1.5x10-4
1.5x10-4
1.6x10-4
1.6x10-4
1.6x10-4
1.7x10-4
1.7x10-4
1.7x10-4
1.7x10-4
1.8x10-4
1.9x10-4
2.1x10-4
2.2x10-4
2.2x10-4
3.0x10-4
3.0x10-4
3.1x10-4
3.2x10-4
3.2x10-4
3.3x10-4
3.8x10-4
4.2x10-4
4.2x10-4
4.8x10-4
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4.4E-04
2.1E-02
1.3E-03
1.5E-08
1.0E-177
1.3E-03
2.3E-02
4.5E-04
3.2E-169
4.3E-02
1.9E-02
5.2E-170
6.9E-169
4.7E-02
4.4E-07
1.0E-04
1.4E-03
4.4E-02
2.2E-05
3.2E-05
3.7E-158
3.9E-04
3.2E-161
1.4E-02
3.0E-04
7.0E-06
4.0E-05
1.0E-02
3.3E-02
8.6E-161
2.0E-03
6.2E-04
1.4E-03
1.4E-163
9.0E-158
1.8E-04
4.7E-163
1.7E-03
9.4E-154
3.4E-153
4.5E-154
1.0E-156
8.9E-165
1.2E-05
4.7E-03
9.1E-150
4.7E-163
2.7E-06
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Q8NDHO
Q9HAT?2
AOA024R2E9
Q6FHY4
Q15386
BAE1E2
E9PHM2
B3KTS4
Q9BXP5
AOAOCADGNG6
P25391
Q9Y4G6
D3DWL9
Qs8ly21
E7EPN9S
E3UPC4
P08236
Q6I1PJ9
X5D2K4
AOA024R9D2

DKFZp434F1720

SIAE
ATG7
NAPG
UBE3C

B4E1E2
LARS2
B3KTS4
SRRT
GIT1
LAMA1

TLN2

CPSF1
DDX60
PRRC2C
HLA-C
GUSB

LAD1
HLA-A
MTDH

4.9x10-4
5.3x10-4
5.3x10-4
5.5x10-4
6.1x10-4
6.2x10-4
6.7x10-4
7.1x10-4
6.8x10-4
7.2x10-4
1.4x10-3
1.6x10-3
1.9x10-3
3.4x10-3
3.9x10-3

0.39
0.46
0.47
0.49
0.49
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8.0E-156
1.1E-152
3.6E-152
1.4E-153
2.9E-02
1.4E-154
2.4E-155
3.7E-155
4.2E-02
9.4E-05
5.6E-20
5.5E-04
2.9E-03
1.1E-02
5.7E-154
5.6E-05
5.4E-04
7.7E-04
1.4E-03
1.5E-03

A3.4 Proteins common to the receptome and adhesome
33 proteins were found to be commonly upregulated in both the epithelial receptome and the

adhesome (Table A3.5). 40 proteins were found to be downregulated in both the epithelial receptome

and the adhesome (Table A3.6).

Table A3.5: Proteins upregulated in both the receptome and adhesome. Proteomic data of proteins

found upregulated in both cohorts.

Up-regulated in Receptome and Adhesome
Protein Receptome Adhesome

Accession Number Name LFQ Ratio | P-Value | LFQ Ratio P-Value
Q16719 KYNU 178099.64 | 2.9E-09 3.14 3.6E-07
B2R577 B2R577 137062.59 | 2.1E-178 4.99 1.2E-16
ESRHGS8 ELOC 62608.62 2.3E-02 2.01 2.6E-02
Q502X2 DIABLO 57987.46 1.7E-02 2.49 7.8E-04
AOAO59RPWO Cox1 31333.99 8.5E-05 2.95 7.9E-03
ESFQ49 HLA-A 27503.20 2.2E-06 2.97 2.8E-05
H3BLVO CD55 24814.93 2.1E-05 4.16 7.6E-05
G3V4E4 LGMN 22065.77 1.2E-02 4.64 1.7E-04
K7EQO02 DAZAP1 20140.57 3.0E-04 2.97 5.3E-03
014933 UBE2L6 19588.02 2.6E-03 2.34 1.7E-03
B3KM58 B3KM58 19364.33 5.7E-06 3.60 2.6E-05
B7Z5F9 B7Z5F9 18587.02 4.5E-02 3.48 8.9E-05
Q04828 AKR1C1 18192.67 | 1.1E-168 9.62 4.2E-32
P09914 IFIT1 18112.13 1.5E-08 2.49 1.1E-04
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Q9NQC3
B2R761
B7ZAC1
P23142
ABYXX5
A8K4C2

Q59GM9
QouULCe

AOA024R333

Q969G6
P23258
Q61B58
P55285
B4DH44

AOA024R277

A8KeQ9
Q52LW3

VOHWS83
Q6LET6

RTN4

FBLN1

PIG60

PADI1

RFK

TUBG1

FLOT1

CDH6

SPTLC1

MGST1

B2R761
B7ZAC1

A8K4C2

Q59GM9

TMEM113

B4DH44

A8K6Q9
ARHGAP29
HEL-S-53e

16674.50 1.4E-08
15465.51 2.1E-03
12308.73 | 2.3E-174
11564.30 1.0E-06
10478.91 1.2E-02
9786.04 8.7E-169
9468.05 4.4E-173
9132.33 3.6E-169
8163.58 7.5E-04
7268.39 4.0E-147
6948.12 1.9E-160
5866.75 2.7E-04
5395.70 1.2E-04
5281.56 3.0E-03
4979.49 3.4E-02
4143.29 2.9E-02
3243.62 1.4E-05

4.98 2.7E-09

2.49 4.1E-04

2.08
2.06
3.40
2.05
3.25
2.13
3.12
2.29
4.34
3.63
3.19
5.23
291
2.17
3.49
2.95
2.04
5.74
2.17

2.6E-03
9.1E-03
6.6E-07
5.0E-03
8.5E-03
1.9E-04
6.7E-09
8.5E-03
2.1E-05
3.5E-05
5.8E-05
5.0E-14
8.9E-03
4.0E-03
9.8E-05
9.0E-02
3.3E-02
1.3E-19
9.3E-05
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Table A3.6: Proteins downregulated in both the receptome and adhesome. Proteomic data of
proteins identified as downregulated in both cohorts.

Down-regulated in Receptome and Adhesome

Protein Receptome Adhesome
Accession Number Name LFQ Ratio P-Value LFQ Ratio P-Value
AOAO024RAM?2 GLRX 1.4x10-5 1.7E-171 4.3x10-5 3.8E-160
K7EMO09 TMEM205 1.7x10-5 2.6E-04 2.4x10-5 2.3E-02
Q08722 CD47 2.1x10-5 4.2E-181 6.2x10-5 9.4E-170
P26447 S100A4 2.2x010-5 3.7E-165 6.6x10-5 8.2E-154
P00167 CYB5A 2.2x10-5 3.8E-02 2.9x10-5 1.1E-02
P15289 ARSA 2.4x10-5 5.4E-06 3.6x10-5 6.4E-05
Q70UQ0 NDUFB4 2.8x10-5 2.6E-165 8.4x10-5 1.3E-158
Q9UFNO NIPSNAP3A 3.6x10-5 1.5E-170 1.1x10-4 3.2E-02
AOA087X296 PTGS1 5.5x10-5 4.1E-05 1.8x10-4 4.0E-07
Q7LD69 Q7LD69 5.5x10-5 6.2E-163 1.7x10-4 4.0E-02
B2R518 B2R5I8 6.4x10-5 3.4E-02 1.0x10-4 2.1E-02
B727Q6 B727Q6 6.5x10-5 6.7E-169 1.9x10-4 1.5E-157
H3BPK3 HAGH 6.6x10-5 7.8E-03 1.0x10-4 4.0E-05
B7Z5V6 B7Z5V6 6.7x10-5 5.9E-175 1.0x10-4 2.1E-174
B2RDN1 B2RDN1 7.0x10-5 5.9E-03 1.0x10-4 3.0E-161
BADM76 BADM76 7.4x10-5 1.2E-02 2.2x10-4 7.8E-154
CoJL30 SUMF2 7.5x10-5 3.6E-163 1.2x10-4 3.5E-160
K7EJH8 ACTN4 8.4x10-5 2.1E-155 2.5x10-4 4.1E-153
Q9NZN3 EHD3 8.4x10-5 2.0E-169 2.5x10-4 3.3E-163
P50583 NUDT2 9.7x10-5 1.0E-150 2.9x10-4 3.6E-144
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P11387
Q86X55
Q9H8D6
Q96PUS8
QovGL7
AOA024R957
F5GYK2
Q9NX47
D6WS5X5
B3KPZ7
Al1L3A9
P45954
Q77272
B3KNC3
Q6PGP7
P42345
AOA087WUQ6

Q96RQ9

CaJaGI3
E9PR44

TOP1
CARM1
Q9H8D6
QKI
PPM1F
TOR1AIP2
STRN4
38412
SLC12A9
B3KPZ7
TBC1D9SB
ACADSB
EFL1
B3KNC3
TTC37
MTOR
GPX1
IL411
TYMP
CRYAB

9.9x10-5
1.0x10-4
1.2x10-4
1.2x10-4
1.5x10-4
1.5x10-4
1.8x10-4
1.9x10-4
2.2x10-4
2.2x10-4
2.4x10-4
2.6x10-4
3.5x10-4
4.3x10-4
5.0x10-4
7.0x10-4
0.32
0.38
0.38
0.46

3.8E-03
7.0E-04
6.7E-04
1.2E-02
1.5E-04
1.6E-160
6.9E-03
1.4E-03
1.1E-154
1.0E-156
5.0E-167
8.0E-152
1.8E-160
8.1E-04
5.2E-03
6.5E-04
2.2E-05
3.4E-04
3.3E-04
3.4E-03

1.5x10-4
1.7x10-4
2.0x10-4
3.7x10-4
4.4x10-4
2.3x10-4
5.3x10-4
2.8x10-4
6.5x10-4
3.5x10-4
4.1x10-4
7.9x10-4
1.1x10-3
5.9x10-4
7.6x10-4
1.0x10-3
2.0x10-5
0.38
0.35
0.48
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2.8E-03
1.4E-05
7.6E-05
6.8E-157
1.8E-147
2.9E-02
2.2E-159
1.3E-02
2.4E-143
3.2E-02
9.2E-04
6.2E-146
4.0E-149
8.5E-154
1.1E-02
6.3E-03
2.8E-10
2.5E-05
8.2E-06
1.1E-03

A3.5 Proteins differentially regulated in the receptome and adhesome

A subset of proteins was found to be conversely regulated between the epithelial receptome and the

adhesome. 26 proteins were upregulated in the receptome while downregulated in the adhesome

(Table A3.7) and 32 proteins were downregulated in the receptome while upregulated in the

adhesome (Table A3.8).

Table A3.7: Proteins upregulated receptivity but downregulated in adhesion. Proteomic data of

proteins identified to have opposing regulation in the adhesome and receptome.

Up-regulated in receptome/down-regulated in adhesome

Protein Receptome Adhesome
Accession Number Name LFQ Ratio P-Value LFQ Ratio P-Value
Q53F35 Q53F35 70594.67 1.4E-12 2.1x10-5 1.7E-181
AOAO087WUN7 SLIRP 47042.76 2.5E-03 3.2x10-5 5.8E-165
Q6RW13 AGTRAP 29356.81 1.9E-05 1.0x1-0-4 4.6E-02
Q567R9 CIP29 26358.89 6.2E-03 1.1x10-4 2.0E-157
AOA024R084 SDF4 16701.84 8.7E-05 1.8x10-4 1.9€-02
AOA024R5S5 EIF3S1 16286.05 6.9E-03 7.6x10-5 5.7E-167
P26232 CTNNA2 15800.98 6.9E-181 1.9x10-4 1.9E-04
Q6FHJ5 SCAMP3 15646.11 2.9E-04 1.1x10-4 1.5E-166
RORVK4 HLA-A 15208.55 5.9E-07 2.0x10-4 9.5E-04
B7ZAH9 B7ZAH9 14471.71 7.3E-163 2.1x10-4 1.6E-151
Q9HOU3 MAGT1 13508.56 1.9E-05 1.4x10-4 8.2E-04
J3KN29 PSMD9 12436.34 2.7E-03 1.3x10-4 4.5E-158
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B6VEX5
Q9Y6WS
Q96QR8
BADEB4
J3QQS1
J3QT95
BADMZ0

AOA024R4M8
QoBXB4
BAEOKO

AOAO87WT45

AOA024R5F3

P41226
Q9H2M9

B6VEX5
WASF2
PURB
BADEB4
MRPS7
COPS7B
BADMZ0
RDH13
OSBPL11
BAEOKO
GRIPAP1
SAPS3
UBA7
RAB3GAP2

12436.00
11659.97
11595.19
11538.40
11117.83
9005.11
6770.80
4793.96
4432.75
3396.52
3188.02
2540.82
2233.00
1548.50

1.6E-02
4.3E-04
2.2E-162
3.8E-02
5.2E-154
1.3E-149
1.2E-03
1.5E-151
4.3E-04
8.3E-151
1.1E-157
1.1E-02
2.3E-03
4.6E-02

9.5x10-5
1.2x10-4
2.6x10-4
2.6x10-4
2.7x10-4
3.3x10-4
2.2x10-4
6.3x10-4
3.8x10-4
8.8x10-4
9.4x10-4
5.2x10-4
5.0x10-4
8.7x10-4

Appendices

1.7E-03
1.5E-03
8.2E-159
3.8E-03
3.6E-148
4.4E-03
5.8E-03
3.3E-140
4.7E-03
9.0E-03
2.4E-146
1.1E-02
7.0E-04
4.6E-04
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Table A3.8: Proteins upregulated adhesion but downregulated in receptivity. Proteomic data of
proteins identified to have opposing regulation in the adhesome and receptome.

Up-regulated in adhesome/down-regulated in receptome

Protein Receptome Adhesome

Accession Number Name LFQ Ratio P-Value LFQ Ratio P-Value
AOA024R882 STOM 1.5x10-4 1.8E-02 12.24 5.6E-36
P08473 MME 1.4x10-4 2.6E-167 9.25 8.3E-23
P23786 CPT2 2.4x10-4 2.2E-02 4.82 1.6E-04
B4DPYO BADPYO 2.2x10-5 4.8E-02 4.14 3.4E-04
B2R7C2 B2R7C2 2.4x10-4 7.7E-161 4.10 2.0E-09
AOA024R0OW3 SLC38A2 6.3x10-5 1.2E-172 3.91 4.4E-06
B3KNG6 B3KNG6 1.1x10-4 4.1E-159 3.53 6.5E-11
A7E2E1 SMARCA4 1.1x10-3 4.0E-151 3.49 1.2E-03
U3KQC1 WDR18 1.4x10-4 1.0E-158 3.47 2.8E-05
A8K369 A8K369 1.7x10-4 1.6E-02 3.47 4.6E-03
P15559 NQO1 2.0x10-5 2.3E-10 3.31 1.4E-08
AOA024R7WO0 IMPAD1 3.9x10-5 2.2E-174 3.30 7.2E-06
A8K923 A8K923 2.4x10-4 2.4E-05 3.27 1.1E-03
Q9BY44 EIF2A 1.7x10-4 4.4E-02 3.26 3.9E-02
C9JA28 SSR3 2.4x10-5 3.0E-171 3.23 1.5E-09
AOA024R094 PAIP1 7.6x10-5 2.0E-163 3.16 1.6E-04
B4E295 B4E295 2.6x10-4 1.1E-161 3.04 7.2E-04
Q7L5D6 GET4 1.2x10-4 3.3E-02 3.03 4.5E-02
Q96AT9 RPE 1.1x10-4 2.0E-154 2.99 2.6E-08
AOAO024RDP4 PSPC1 4.8x10-5 5.8E-05 2.92 1.9E-02
Q9UESO Q9UESO 3.0x10-5 2.4E-02 2.74 4.2E-03
AOAOCADGW6 C5o0rf51 6.4x10-5 8.4E-157 2.73 4.9E-03
P49756 RBM25 3.3x10-4 2.7E-03 2.70 1.8E-03
Q72478 DHX29 3.6x10-4 7.7E-163 2.65 2.0E-03
Q6IAUS PPM1G 1.0x10-4 1.2E-02 2.62 2.3E-04
B3KWE2 B3KWE2 2.3x10-4 1.9E-03 2.45 8.0E-03
P62273 RPS29 3.8x10-6 2.0E-180 2.45 7.8E-03
A8K509 A8K509 4.6x10-5 1.0E-169 2.26 2.3E-02
Q8N8S7 ENAH 2.3x10-4 4.8E-02 2.24 3.7E-03
QI9NTI5 SACM1L 1.1x10-4 1.0E-05 2.13 4.0E-03
AOAO0C4DGSO0 NDUFA6 4.4x10-5 1.2E-03 2.12 5.1E-03
B7ZM73 MON2 1.1x10-3 2.0E-04 2.11 3.7E-03
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Appendix 4: Publication of the human receptome and adhesome

Provided here is the published manuscript detailing the proteomic determination of the human
receptome and adhesome. For this paper | assisted with in silico analysis of the receptome and
adhesome, contributed immunolocalisation of receptome and adhesome proteins in the human
endometrium, and siRNA knockdown data (Figure 6). Full author contributions are provided in the

declaration of thesis including published works.

Evans, J., Hutchison, J., Salamonsen, L. A, Greening D. W. (2020). Proteomic insights into endometrial
receptivity and embryo-endometrial epithelium interaction for implantation reveal critical

determinants of fertility. Proteomics, 20(1), e1900250.
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Proteomic Insights into Endometrial Receptivity and
Embryo-Endometrial Epithelium Interaction for
Implantation Reveal Critical Determinants of Fertility

Jemma Evans,* Jennifer Hutchison, Lois A. Salamonsen, and David W. Greening*

In vitro fertilization has overcome infertility issues for many couples.
However, achieving implantation of a viable embryo into the maternal
endometrium remains a limiting step in optimizing pregnancy success. The
molecular mechanisms which characterize the transient state of endometrial
receptivity, critical in enabling embryo-endometrial interactions, and proteins
which underpin adhesion at the implantation interface, are limited in humans
despite these temporally regulated processes fundamental to life. Hence,
failure of implantation remains the “final frontier” in infertility. A human
coculture model is utilized utilizing spheroids of a trophectoderm (trophoblast
stem) cell line, derived from pre-implantation human embryos, and primary
human endometrial epithelial cells, to functionally identify “fertile” versus
“infertile” endometrial epithelium based on adhesion between these cell
types. Quantitative proteomics identified proteins associated with human
endometrial epithelial receptivity (“epithelial receptome”) and trophectoderm
adhesion (“adhesome”). As validation, key “epithelial receptome” proteins
(MAGT-1/CDA/LGMN/KYNU/PC4) localized to the epithelium of receptive
phase (mid-secretory) endometrium obtained from fertile, normally cycling
women but is largely absent from non-receptive (proliferative) phase tissues.
Factors involved in embryo-epithelium interaction in successive temporal
stages of endometrial receptivity and implantation are demonstrated and
potential targets for improving fertility are provided, enhancing potential to
become pregnant either naturally or in a clinical setting.

epithelial surface of the endometrium
that lines the uterine cavity. These are the
first steps of implantation, which then
proceeds by the invasion of the trophec-
toderm (the outer cellular layer of the
blastocyst) through the decidualized en-
dometrial stroma, until it invades and
reconstructs the spiral arterioles to fully
form the placenta which comprises both
maternal and fetal cells. The early pro-
cesses whereby the endometrium attains
receptivity and the trophectoderm first at-
taches, are little understood. They cannot
be studied in vivo in humans, while an-
imal models demonstrate significant dif-
ferences in basic physiology and there is a
paucity of appropriate human models."!

We recently developed a novel model
for human embryo implantation that en-
ables detailed examination of the ad-
hesion of human embryo mimics to
endometrial epithelial cells.?l This uti-
lized a human trophoblast stem cell
linel developed from donated human
embryos, and which had characteris-
tics of trophectodermal cells (TEAD4,
CDX2, geminin, HMGAZ2, LIFR, GDF15,
and LGRS expression). These “trophec-
toderm” cells formed into spheroids,

1. Introduction

Establishment of a human pregnancy requires that an embryo (at
blastocyst stage), becomes attached to and invades the receptive

consistently the size of human blastocysts. Their adhesion
to primary human endometrial epithelial cells could be ma-
nipulated with the hormonal milieu and importantly, these
trophectoderm spheroids could discriminate, via adhesion/
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non-adhesion, between endometrial epithelial cells obtained
from fertile versus infertile women, respectively.

Using this model, we have here applied a proteomic approach
to identify a unique adhesion protein network and define a
human embryo implantation “adhesome” in fertile endometrial
epithelial cell-trophectoderm spheroid cocultures. Using tro-
phectoderm spheroid adhesion to define primary endometrial
epithelial cells as “receptive” or “non-receptive” to implantation,
we also identify a human endometrial epithelial “receptome.”
Interrogation of these protein networks and composition has
enabled novel insight into endometrial receptivity and the
adhesion stage of human implantation, providing potential
novel biomarkers for the identification of endometrial epithelial
receptivity and insights into embryo adhesion that will assist in
improving outcomes of assisted reproduction.

2. Experimental Section

2.1. Ethics and Tissue Collection

Ethical approval for tissue collections was obtained from Insti-
tutional Ethics Committees at Monash Health and Monash Sur-
gical Private Hospital. Written informed consent was obtained
from all subjects prior to tissue collection.

2.2. Endometrial Tissue Collection and Patient Details

Endometrial biopsies for culture were collected by curettage
from normally cycling women (28-32 day cycles), <40 under-
going hysteroscopy and curettage. Women were undergoing in-
vestigation as indicated in Table 1 and had not used steroid
hormone therapy/contraception in the preceding 6 months.
These women were of proven fertility (>1 parous pregnancy)
and had normal endometrium at hysteroscopy and morpho-
logically normal endometrium as assessed by experienced en-
dometrial histopathologists. Likewise, biopsies were taken from
infertile women in an IVF program as indicated in Table 1,
with non-endometrial indications (i.e., no diagnosis of fibroids,
endometriosis, adenomyosis, or other endometrial related dis-
orders) for their infertility, and who were otherwise of simi-
lar characteristics. Women were normally cycling and experi-
enced regular menstruation. Women were noted to have normal
endometrium at hysteroscopy and patent, unblocked fallopian
tubes. As these tissues were collected via altruistic donation from
women consented immediately before entry to operating theatre
through a private hospital, only limited patient background data
is available.

2.3. Epithelial Cell Isolation from Human Endometrial Tissue

Performed per previous protocols.) In brief, within 16 h of
collection, endometrial tissues were washed in phosphate
buffered saline (PBS), finely chopped, and incubated with 1200
U collagenase type I1I and 100 mg mL~! DNAse in 2 mL of phos-
phate buffered saline (PBS) for 45 min at 37 °C with shaking at
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Significance Statement

Infertility affects 1:6 couples worldwide and this is increasing.
In vitro fertilization (IVF) pregnancy success rates are <25%
per cycle and couples using such technologies face both finan-
cial and emotional hardship. Implantation of a healthy embryo
into a receptive endometrium s a critical step in the establish-
ment of pregnancy but both receptivity and implantation are
considered the “black box” of reproduction; little is known of
the underlying mechanisms or how these are disturbed in infer-
tile women. Importantly, much remains to be discovered about
the basic protein interactions that govern trophectoderm—
endometrial epithelium adhesion. Significantly, this study
provides a unique functional proteomic strategy to identify the
composition of factors involved in embryo-epithelial interac-
tions in the critical stages of receptivity and implantation, which
may be targeted to improve fertility without or with existing
technologies.

130 rpm. Digestion was terminated by the addition of 4 volumes
of DMEM/F12 containing 1% v/v penicillin/streptomycin (p/s).
Digested tissue was passed through a 45um filter (endometrial
stromal cells pass through the filter) and retained epithelial
fragments washed off, centrifuged, resuspended in DMEM/F12
containing 10% v/v fetal bovine serum (FBS, Gibco, Invitrogen)
and 1% p/s and seeded into 24 well plates (2 cm? surface area).
Epithelial fragments were allowed to attach for 48 h before
thorough washing with PBS to remove stromal and other cells.
Endometrial epithelial cell preparations were visually assessed
for contamination with endometrial stromal fibroblasts and only
those with >95% epithelial cells were used for experimental pur-
poses. Primary human endometrial epithelial cells (pHEECs)
were not passaged and were used at p0 (i.e., at first seeding
after isolation) as, in the authors’ experience, this reduces
the likelihood of stromal cell contamination of the cultures.
pHEECs at p0 were used for experimental purposes within 1
week of isolation. An example of morphologically pure epithelial
preparation with characteristic “rounded” morphology and no
contaminating stromal fibroblasts is provided in Figure 1a.
This is the typical appearance of epithelial cultures used in the
current study.

2.4. Cell Culture

L2-TSC (trophectodermal) cells are human trophoblast stem
cells (kind gift of Prof. Susan Fisher, UCSF)P’); these cells were
developed from individual blastomeres of donated human
embryos. L2-TSCs have characteristics of trophectodermal cells
(TEAD4, CDX2, geminin, HMGA2, LIFR, GDF15, and LGR5
expression) and can be manipulated to differentiate toward a
syncytiotrophoblast or cytotrophoblast fate. However, routine
maintenance in a 1:1 mix of DMEM:F12 Glutamax (Gibco,
Invitrogen) supplemented with 1% p/s and 10% v/v FBS with
the addition of 10 ng mL™" basic fibroblast growth factor (bFGF,
233-FB-025, R&D systems) and 10 pm SB431542 (#1614, Tocris
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Table 1. Characteristics of women used in coculture studies.

Endometrial findings Parity Age BMI Reason for hysperoscopy/D&C Fertility status

Fertile

P1 Normal P3 39 31.2 Mirena insertion Fertile

P2 Normal P2 40 22.8 Benign ovarian cyst assessment Fertile

P3 Polyps P1 30 17.6 Polypectomy Fertile
Infertile

P4 Normal P1 (IVF) 39 20.8 Pain Secondary infertility

P5 Normal 28 27.5 Tubal assessment: patent, unblocked tubes present Secondary infertility

P6 Normal 36 30.9 Tubal assessment: patent, unblocked tubes present Primary infertility

Q d Primary human endometrial epithelial cells
00950552 obtained from women with:
005 (i) Proven fertility (F)

(ii) Idiopathic infertility in an IVF program (IF)

v

Ovarian hormonal priming
Estrogen (E) - 24 h
E + progesterone (MPA) - 24 h

pS
A

X

Fertile (F) human Infertile (IF) human

endometrium endometrium
Medium
c change
i ii iii iv \% * co-culture with Tsc
; spheroids
F human endometrium . T z 5 ¢
= + + o
IF human endometrium
- + - + +
Tsc spheroid Spheroid attachment
assessment (6 h)
i ii iii iv v Cell lysis
. l Ultracentrifugation
% % % 435,000 g, 30 min
F F IF IF Tsc Cell Iysates
monolayer co-culture monolayer co-culture spheroid

Figure 1. Experimental design to understand human trophectoderm-endometrial adhesion during fertility. a) Representative image of morphologically
normal primary human endometrial epithelial cells at >95% purity. b) To understand the adhesion network between trophectoderm spheroids (outer
layer of embryo) and endometrium during fertility, we employed primary human endometrial epithelial cells from women with proven fertility (F, v/,
morphologically normal endometrium), and from infertile women in an IVF program (IF, x, with non-endometrial indications for infertility). c) Cells from
each woman were independently grown in monolayer culture in the presence of estrogen/progestin, either alone or in the presence of trophectoderm
spheroids. They were then defined as “receptive” (i) or “non-receptive” (i) depending on whether trophectoderm spheroids attached (adhesion (ii):
non-adhesion (iv)) to matched endometrial monolayers. Spheroids were also maintained in isolation (v). d) Experimental design of endometrial cells
hormonally primed with estrogen/progestin, and where applicable, spheroid coculture and attachment, before imaging and outgrowth quantification,
and cell lysis performed.

Bioscience)P as used herein maintains these cells in their “stem
cell” trophectoderm like state (henceforth termed trophectoderm
medium). Cells were grown on flasks coated with 0.5% gelatin
(G1393, Sigma Aldrich). Human endometrial adenocarcinoma
cells, ECC-157] were used as a model of human endometrial
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luminal epithelial cells. These were cultured and maintained
as previously described® in DMEM/F-12 supplemented with
10% FBS, and incubated at 37 °C with 5% CO,.l ECC-1 cells
were validated by Karyotype analysis® according to the ATCC
guidelines, with allele match in STR profile of 100%.
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2.5. Preparation of Trophectodermal Spheroids

Methylcellulose (4000 centipoises, Sigma Aldrich) at 1.5% w/v,
dissolved in DMEM was centrifuged (90 min/3500 rpm) to re-
move insoluble methylcellulose. 2500 trophectoderm cells (op-
timized cell number based on initial studies?®l) in 150 pL
of 20% methylcellulose/80% trophectoderm medium” were
seeded into a round bottomed well in which one spheroid formed
gradually in each well over 48 h; each spheroid was approxi-
mately the same size as a human blastocyst (0.1-0.2 mm). Any
mis-formed spheroids (<5%) were discarded. Spheroids were
thoroughly washed to remove methylcellulose and trophecto-
derm media prior to coculture with endometrial epithelial cell
monolayers. In brief, spheroids were collected into 15 mL sterile
polypropylene tubes using wide bore 1 mL tips to prevent dis-
turbing the 3D structure of the spheroids. These spheroids were
centrifuged at 800 X g for 8 min followed by the removal of me-
dia. Serum-free DMEM/F12 media was added to the tubes and
the spheroids gently resuspended by flicking the tube with re-
suspension visually confirmed. The spheroids were again cen-
trifuged, and this process repeated a total of three times.

2.6. Endometrial Epithelial Cell-Trophectoderm Spheroid
Coculture and Lysate Preparation

It was previously demonstrated that spheroids of trophecto-
dermal cells discriminate between endometrial epithelial cells
isolated from fertile (Figure 1a, fertile) and idiopathic infer-
tile (Figure 1a, infertile) women based on spheroid adhesion
after coculture with pHEECs for 6 h.”l For the current study,
primary human endometrial epithelial cells monolayers in
0.5% charcoal stripped (cs)FBS/DMEM/F12 were sequentially
treated with 1078 M 17 g-estradiol (estrogen: E) for 24 h followed
by estrogen/10~7 M medroxyprogesterone acetate (progestin:
MPA) for a further 24 h to mimic in vivo hormonal regulation
during the receptive phase of the menstrual cycle (hormonal
priming).' After 48 h of total hormonal priming, spheroids
were resuspended in E/MPA media (concentrations as above)
containing 1% FBS and cocultured with hormonally primed
endometrial epithelial cell monolayers for 6 h (per previously
developed protocol, Figure 1b-ii,iv). Control spheroids incubated
in the absence of endometrial epithelial cells (adherence to plas-
tic only) were also treated with estrogen/progestin media for 6 h
(Figure 1b-v). Spheroid adhesion was determined by a) counting
total spheroids present under an inverted light microscope; b)
removing medium and gently washing cocultures with PBS; c)
re-counting firmly adhered spheroids. Adhered spheroids were
expressed as percentage of total spheroids.”! Endometrial cell
monolayers which supported spheroid adhesion were defined as
“adhesive” (Figure 1b-ii) while those that did not were defined
as “non-adhesive” (Figure 1b-iv). “Receptive” or “non-receptive”
endometrial monolayers were prepared by hormonal priming as
above. These cells were maintained under the same treatment
conditions as the endometrial epithelial-trophectoderm spheroid
cocultures but without the addition of spheroids. If spheroids
adhered to the matched endometrial epithelial monolayers (i.e.,
cells obtained from the same woman, present on the same
culture plate, treated in the same manner), the cells were defined
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as receptive (Figure 1b-i); if no adhesion was exhibited, the cells
were defined as non-receptive (Figure 1b-iii). All cultures were
lysed on ice (15 min) with 100 pL SDS sample buffer (4% w/v
SDS, 20% v/v glycerol, 0.01% v/v bromophenol blue, 0.125 M
Tris-HCI, pH 6.8). Cell lysates were ultracentrifuged at 435 000
X g/30 min at 4 °C (TLA-100 rotor, Beckman Coulter).12l This
procedure is outlined in Figure 1c.

2.7. siRNA Knockdown: ECC-1 Endometrial Epithelial Cells

ECC-1 cells seeded at 1.5 x 10° cells per well in 12 well plates in
DMEM/F12 containing 10% v/v FBS without p/s and allowed to
attach and proliferate overnight. 2 pL of 10 pm siRNA/scrambled
stock (Santa-Cruz Biotechnology) was added then to 100 pL of
OptiMEM transfection media (Invitrogen), and 2 pL of lipofec-
tamine (Life Technologies) was added to 100 pL of OptiMEM,
each for 5 min. These solutions were mixed gently and incubated
for 30 min before the addition of 800 pL of OptiMEM. Cells were
washed twice with OptiMEM, then siRNA/scrambled transfec-
tion mix added and incubated (8 h). Media were replaced with
DMEM/F12/FBS media as above, for 48 h before cell starvation
for 6 h. siRNA/scrambled ECC-1 cells were sequentially treated
with 1078 M E for 24 h followed by E plus 10~7 M MPA for a further
24 h to mimic the receptive phase of the menstrual cycle,® and
trophectoderm spheroid adhesion assay performed (as above)
for 6 h.

2.8. Protein Quantification

Protein content was determined by microBCA colorimetric pro-
tein quantification (Life Technologies, 23235) or quantified by
Qubit fluorescence using Qubit 4.0 (Life Technologies, Q33212)
as per manufacturer’s instructions.

2.9. Proteomic Sample Preparation of Endometrial Epithelial
Cell-Trophectoderm Spheroid Cocultures

Lysates from cell monolayers (primary endometrium; recep-
tive and non-receptive), cocultures (primary endometrium
with spheroid adhesion assay; adhered and non-adhered), or
spheroids alone (20 pg total protein) were solubilized in SDS
sample buffer (4% w/v SDS, 20% v/v glycerol, and 0.01% v/v
bromophenol blue, 0.125 M Tris-HCl, pH 6.8) with protease
inhibitor cocktail (Complete, EDTA-free protease inhibitor
cocktail, Roche), lysed at 95 °C for 5 min, then fractionated
by short-range SDS-PAGE, with fractions (n = 2) representing
the entire gel excised.' Each fraction was destained (50 mwm
ammonium bicarbonate/50% v/v acetonitrile [ACN]) for 30 min
at 27 °C." Samples were reduced with 2 mm tri (2-carboxyethyl)
phosphine hydrochloride (Sigma-Aldrich, C4706) at RT 1 h
on gentle rotation, alkylated by treatment with 25 mwm iodoac-
etamide (Sigma-Aldrich) for 30 min (in the dark), and digested
with trypsin (Promega, V5111) for 18 h at 37 °C. The peptide
solutions were acidified to a final concentration of 1% formic
acid (FA) and 0.1% triflouroacetic acid (TFA) and desalted with
a C18 Sep-Pak column (Waters). Each Sep-Pak column was
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activated with 100 uL of methanol, washed with 30 uL of 80%
acetonitrile, and equilibrated with 3 x 30 uL 0.1% TFA. Samples
were loaded and each column was washed with 2 x 20pL
0.1% TFA. Elution was performed with two rounds of 20 uL of
50% acetonitrile. Samples were lyophilized (SpeedVac; Savant,
Thermo Fisher Scientific) and acidified with 0.1% FA, 2% ACN,
and peptide concentrations estimated from A,,, absorbance
(Thermo Scientific Nanodrop 2000).

2.10. Mass-Spectrometry-Based Proteomics

Proteomic experiments performed in biological triplicate, with
technical replicates (n = 2), with MIAPE-compliance.>'* MS
analyses performed on an Orbitrap LTQ Elite mass spectrometer
(ThermoFisher Scientific) with a nanoelectrospray ion source
coupled online to a Waters nanoAcquity UPLC. Peptides were
loaded (Acclaim PepMap100, 5 mm X 300 pm i.d., p-precolumn
packed with 5 pm C18 beads, Thermo Fisher Scientific) and
separated over a 120 min gradient run using a BioSphere
C18 analytical column (1.9 pm 120 A, 360/75 pm X 400 mm,
NanoSeparations) at 45 °C. Trapping was for 3 min at 5 pL min!,
98% buffer A (99% water, 0.1% formic acid), and 2% buffer B
(0.1% v/v FA in 80% v/v ACN), before eluting at 2-100% 0.1%
FA in acetonitrile (2-40% from 0 to 100 min, 40-80% from 100
to 110 min (flow rate, 250 nL min~1).

The mass spectrometer was operated in data-dependent mode
where up to 20 dynamically chosen, most abundant precursor
ions in the survey scan (350-1500 Th) were selected for MS/MS
fragmentation. Survey scans were acquired at a resolution of
120 000, with MS/MS resolution of 15 000. Unassigned precur-
sor ion charge states and singly charged species were rejected,
and peptide match disabled. The isolation window was set to 2.0
Th and selected precursors fragmented by collisional dissocia-
tion with normalized collision energies of 35 with a maximum
ion injection time of 110 ms. Ion target values were set to 3 X
10° and 1 x 10° for survey and MS/MS scans, respectively. Dy-
namic exclusion was activated for 90 s. Samples were run in re-
gional blocks, with sample groups interspersed throughout to al-
low correction of batch effects. Data was acquired using Xcalibur
software v4.0 (Thermo Fisher Scientific). Raw mass spectrome-
try data deposited in the PeptideAtlas (#PASS01121) and can be
accessed at http://www.peptideatlas.org/PASS/PASS01121.

2.11. Data Analysis

Peptide identification and quantification were performed
using MaxQuant (vl. 6.0.1) with its built-in search engine
Andromeda.® Tandem mass spectra were searched against
a human reference proteome (71 798 entries, downloaded
10/2018) supplemented with common contaminants. Search pa-
rameters included carbamidomethylated cysteine as fixed mod-
ification and oxidation of methionine and N-terminal protein
acetylation as variable modifications. Data was processed using
either trypsin/P as the proteolytic enzyme with up to two missed
cleavage sites allowed. Where possible, peptide identification
information was matched between runs of the fractionated sam-
ples within MaxQuant. Precursor tolerance was set to +4.5 ppm,
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and fragment ion tolerance to +£10 ppm. Results were adjusted
to 1 % false discovery rate (FDR) on peptide spectrum match
(PSM) level employing a target-decoy approach at the peptide and
protein levels. In cases of redundancy, shared peptides were as-
signed to the protein sequence with the most matching peptides,
thus adhering to principles of parsimony. The label-free quan-
tification (LFQ) algorithm®l in MaxQuant was used to obtain
quantification intensity values. Perseus (v1.6.0.7) was further
used to process data, where the resulting p-values were adjusted
by the Benjamini-Hochberg multi-test adjustment method for a
high number of comparisons!*”] and statistics performed as pre-
viously described.'®! For pathway analyses, Kyoto Encyclopedia
of Genes and Genomes (KEGG) and NIH Database for Anno-
tation, Visualization and Integrated Discovery Bioinformatics
Resources 6.7 (DAVID) resources were utilized using recom-
mended analytical parameters.'”! For gene ontology enrichment
and network analyses, UniProt (www.uniprot.org) database
resource (biological process, molecular function), Ingenuity
Pathway Analysis, and Reactome knowledgebase were utilized.
Clustering of samples was performed by principal component
analysis (PCA) and visualized using ggplot2?’! and ggfortify
(https://cran.r-project.org/web/packages/ggfortify/index.html).
The heat map of proteins used gplots (https://cran.r-
project.org/web/packages/gplots/index.html).

2.12. Immunohistochemistry

For immunohistochemistry?!l proliferative (non-receptive) and
secretory (receptive) phase endometrial tissues were incubated
with antibodies directed against MAGT1, KYNU, CDA, LGMN,
or PC4 (all Santa-Cruz Biotechnology) overnight at 4 °C or iso-
type matched IgG negative controls. Biotin-labeled secondary an-
tibodies were applied followed by avidin-HRP before colorimetric
development with diaminobenzidine and counterstaining with
hematoxylin.

2.13. Statistics

GraphPad Prism v7.0 was used with all data pre-tested for nor-
mality. If the data was non-parametric, a Kruskal-Wallis with
a Tukey’s post-hoc test or Mann—Whitney U analysis was per-
formed and if parametric, one-way ANOVA with a Tukey’s post-
hoc test or unpaired t-test was applied. All data presented as mean
plus/minus standard error of the mean (mean + SEM). Statistical
testing of proteomic data used Poisson distribution with EdgeR
software (v3.2). Student’s t-test used GraphPad Prism v7.0). In all
analyses, *p < 0.05 were considered statistically significant.

The accession number for the mass spectrometry data re-
ported in this paper is PeptideAtlas Consortium via the PeptideAt-
las proteomics repository: PASS01121.

3. Results

Implantation of a healthy embryo into a receptive endometrium
is a critical step in the establishment of pregnancy but this
is considered the “black box” of infertilityl??; little is known
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Figure 2. Protein landscape of endometrial receptome and adhesome. a) Protein expression heatmap of proteins identified in receptive (i, F) and non-
receptive (iii, IF) epithelium, depending whether matched monolayers demonstrated adhesion (ii, F) or non-adhesion (iv, IF) with trophectodermal
spheroids (monitored alone, v) Scale represents label-free quantitation intensity. b) Estimated abundance by LFQ intensity (log10) of proteins identified
in endometrial receptome and adhesome, indicating the sampling depth of each dataset spanning over five orders of magnitude.

of the underlying mechanisms of endometrial receptivity, the
adhesion stage of implantation, or how these are disturbed in
infertile women. To gain critical insights into this interaction,
we performed functional integration of human endometrial
epithelial cell adhesion (from patients with proven fertility,
and in patients with infertility) to trophectoderm spheroids.
Here, we demonstrate for the first time, proteins and their
associated networks that can be identified as associated with
trophectoderm—epithelium adhesion in an unbiased fashion
(Figure 1). Significantly, this study provides a unique insight
into the composition of factors involved in embryo-endometrial
epithelium interaction in temporal stages of receptivity and
implantation, and key changes in these networks associated with
endometrial-associated infertility.

3.1. Functional Adhesion of Endometrial Epithelial Cells from
Fertile and Non-Fertile Women

We previously demonstrated that our trophectoderm—epithelium
coculture system clearly differentiates between endometrial ep-
ithelial cells derived from fertile women or those with idiopathic
fertility.”l Indeed, trophectoderm spheroids adhered to 85% of
fertile tissues assessed (11/13), but only to 11% of infertile tis-
sues (2/18, p < 0.001) despite appropriate in vitro hormonal (es-
trogen/progestin) priming. The present study design, described
above, and in Figure 1, enabled complex analyses between recep-
tive and non-receptive endometrial epithelium (the receptome)
and attachment between epithelium and spheroids in coculture
(the adhesome). Characteristics of women used in these cocul-
ture studies are presented in Table 1. No significant differences
were found between the groups.
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3.2. Proteome Analysis of Human Trophectoderm—Epithelium
Adhesion

Proteomic profiling was performed on adhesive/non-adhesive
cocultures, receptive versus non-receptive primary cell mono-
layers, and on spheroids alone (with control for spheroid pro-
tein expression upon adhesion to plastic and spheroid quality)
(Figure 1b-v). Endometrial epithelial monolayers and cocultures
(per Figure 1b) were terminated after 6 h of coculture/media
change (for monolayers) and cell lysates processed for analysis
by nanoLC-MS/MS data-dependent acquisition. Samples were
analyzed in biological triplicate, with technical replicates, and
a stringent metric for protein and peptide identification. A to-
tal 3760 proteins were identified in the global proteomics analy-
sis (Figure S1 and Table S1, Supporting Information) represent-
ing the largest human embryo mimetic (trophectoderm) protein
dataset yet reported. The protein expression heatmap of endome-
trial monolayers and trophectoderm coculture analyses is shown
(Figure 2a). The proteins identified in this study represent sig-
nificantly low abundant factors as judged from normalized LFQ
values (Figure 2b), indicating an increased sampling depth col-
lectively spanning over five orders of magnitude.

3.3. Defining the Human Endometrial “Epithelial Receptome”

Proteomic comparison of adhesive endometrial monolayers
from fertile women (Figure 1b-i) with non-adhesive monolayers
from infertile women (Figure 1b-iii, both estrogen/progesterone
treated) led to the identification of an “epithelial receptome”
(Figure 3a). Of the 2048 proteins identified, 137 were unique to
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Figure 3. Protein landscape of endometrial receptome. a) Venn diagram of proteins identified in receptive (i, F) and non-receptive (iii, IF) epithelium,
with functional annotation of each unique subset. b) Protein expression heatmap of proteins identified in receptive (i) and non-receptive epithelium
(iii). Scale represents label-free quantitation intensity. Protein functional annotation and pathway analysis for significantly (p < 0.05) enriched (c) and
downregulated (d) components between i versus iii, “epithelial receptome” using Gene Ontology, STRING, and Reactome.

receptive fertile group, while 134 proteins were identified in the
infertile, non-receptive group (Figure 3a; Table S2, Supporting
Information). Protein functional annotation and pathway anal-
ysis of unique protein subset associated with receptivity in the
fertile group revealed protein categories associated with cell—cell
adhesion (1.40E-03), cell-cell adherens junctions (1.60E-04),
type I interferon signaling pathway (7.04E-02), antigen pro-
cessing and presentation (6.81E-03), cell projection (4.32E-03),
and vascular endothelial growth factor receptor signaling
pathway (7.22E-02). For unique proteins from non-receptive en-
dometrium, functional annotation and pathway analysis revealed
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proteins associated with focal adhesion (4.95E-04), regulation of
membrane permeability (1.81E-02), lipid metabolism (8.25E-03),
fatty acid metabolism (4.29E-03), protein transport (1.03E-
02), mitochondrion (4.80E-02), and mitochondrial respiratory
chain complex I (3.36E-02) (Figure 3a). Taking these findings
together, this analysis shows that the receptive endometrial
proteome is tailored to cell adhesion and cellular attachment,
interaction/projection, while in contrast metabolic regulation
(including lipid and mitochondrial function), and membrane
permeability and attachment are prominently represented in the
non-receptive, infertile endometrium.
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For proteins differentially expressed, label-free quantita-
tion (LFQ, precursor ion intensity, normalized by maxLFQ®)
demonstrated significant differential expression of 296 proteins
(i, F mono in comparison to iii, IF mono); 136 proteins upregu-
lated and 132 proteins downregulated (ratio fold change >2, p <
0.05) in the hormonally primed adhesive monolayer versus hor-
monally primed non-adhesive monolayer (Figure 3b, Table S1,
Supporting Information [total proteome]; Table S3, Supporting
Information [epithelial receptome only]). Of the 136 upregulated
proteins, 50 have previously been associated with endometrial
receptivity (Table S4, Supporting Information 1), 4 included
within endometrial receptivity array??, yielding 86 potential new
protein markers for receptivity. Functions/biological pathways
significantly (p < 0.05) enriched in the “epithelial receptome” in-
cluded components associated with membrane (cell membrane,
membrane raft assembly), translation (translation initiation),
mitochondria/membrane, and cellular adhesion changes (cell
adhesion, focal adhesion, cell-cell adherens junctions, cadherin
binding involved in cell-cell adhesion) (Figure 3c, Table S5, Sup-
porting Information). This was confirmed by enrichment analy-
ses using orthogonal approaches including STRING?! where the
“epithelial receptome” showed significant (p < 0.05) enrichment
for translational initiation, translational elongation, and mem-
brane organization. Downregulated processes during receptivity
included endoplasmic reticulum functions, focal adhesion, and
response to oxidative stress/oxygen species (Figure 3d).

3.4. Definition of a Human Embryo Implantation “Adhesome”

To understand embryo-endometrium interactions at the time of
implantation, we first compared proteins identified in adhesive
endometrium (adhesome), in comparison to non-adhesive, and
subsequently examined whether this adhesome network was also
involved in the trophectoderm-endometrial epithelium interac-
tion (Figure 4). For the “adhesome”, the proteomes of receptive
endometrial monolayer (Figure 1b-i) and non-adhesive endome-
trial epithelial cells (Figure 1b-iii,iv) were compared to adhesive
coculture (Figure 1b-ii), 143 components were significantly up-
regulated (>2 ratio, p < 0.05), and 143 components significantly
downregulated (<-2 ratio, p < 0.05) in expression (Table S6,
Supporting Information). Of the upregulated proteins, 42 have
previously been associated with endometrial receptivity/embryo
implantation (Table S6, Supporting Information 2) yielding 100
novel proteins for further investigation. Networks associated with
membrane, calcium ion binding, cell proliferation, translation,
cell-cell adhesion, cytoskeletal/cell projection, and lamellipodia
were identified (Figure 4a), along with establishment of protein
localization to membrane, and membrane organization deter-
mined by STRING network enrichment analysis. Downregulated
processes (Figure 4b) included cell—cell adhesion and specific
molecules involved in this adhesion which may reflect alterations
in the epithelial cell monolayer to promote implantation.

To determine whether adhesome proteins were specific to
trophectoderm-endometrial epithelium interaction or simply
regulated upon trophectoderm spheroid adhesion to a non-
specific substrate (plastic, as used in other “implantation”
studies?®), the adhesome and spheroid-only proteomes were
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compared (Figure 4c). 44 of the 143 upregulated adhesome
proteins were also expressed upon adhesion of trophectoderm
spheroids alone to the plastic substrate, with 31/143 proteins ex-
pressed in >50% of the plastic adhered trophectoderm spheroid
samples examined. Importantly, 78/143 proteins (54.5%) were
exclusive to the adhesome proteome (Table S7, Supporting
Information); these proteins are exclusively upregulated upon
trophectoderm—-endometrial epithelial adhesion. Uniquely
identified adhesome proteins included CNIH4 and SDHC (pre-
viously implicated in receptivity/implantation) and DYNLRB1
and LIMS3, neither of which has been previously associated with
receptivity/implantation. Cross-referencing of the adhesome list
with: i) proteins not previously implicated in endometrial recep-
tivity/embryo implantation; implicated in receptivity/embryo
implantation, (Table S6, Supporting Information 1) and ii) those
exclusive to trophectoderm-endometrial epithelial adhesome
(Table S7, Supporting Information 2) revealed 55 unique proteins
which together provide a valuable resource for future investiga-
tion of embryo implantation (Table S7, Supporting Information).
Further, of the 2212 proteins identified across adhesive and
non-adhesive endometrium (Figure 4), 116 were unique to the
fertile implantation/adhesion group (ii), while 74 proteins were
identified in the infertile non-implantation/non-adhesion group
(Figure 4d; Table S8, Supporting Information). Protein func-
tional annotation and pathway analysis of unique protein subset
associated with implantation (adhesome) in the fertile group
revealed protein categories associated with cell-cell adhesion
(1.20E-02), cell-cell adherens junctions (1.84E-02), endocytosis
(1.51E-02), protein biosynthesis (2.75E-02), cell projection (4.32E-
03), and microtubule cytoskeleton organization (4.92E-02). For
unique proteins from infertile non-implantation/non-adhesion
endometrium (not identified in fertile implantation/adhesion
endometrium or spheroid alone) (Figure 4d), functional anno-
tation and pathway analysis revealed proteins associated with
protein binding (7.61E-03), ubiquitin activating enzyme activity
(1.62E-02), antigen processing and presentation (1.75E-02),
cell-cell adherens junction (1.83E-02), glutathione biosynthetic
process (5.0E-02), and membrane (3.72E-02). Taking these
findings together, this analysis shows that the fertile implanta-
tion/adhesion endometrial proteome (as distinct from infertile
non-implantation/non-adhesion endometrium, and trophec-
toderm alone; i.e., adhesome) is tailored to cell adhesion and
cellular attachment, and organization of the membrane and
cytoskeletal network, while in contrast immune regulation
(antigen presentation), cell-cell adhesion, glutathione, and
ubiquitin activities are prominently represented in the infertile
endometrium which cannot support implantation.

3.5. “Epithelial Receptome” versus “Adhesome”: Commonalities,
Differences, and Unique Protein Signature

A subset of proteins was commonly expressed between “recep-
tome” and “adhesome” (33 upregulated proteins, 40 downregu-
lated proteins [Table S9, Supporting Information]) suggestive of
roles in both processes. Proteins exclusive to the “receptome” or
“adhesome” may be considered to define more accurately, epithe-
lial receptivity and embryo adhesion, respectively. 139 proteins
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Figure 4. Protein landscape of human embryo implantation “adhesome.” a,b) Functional metrics of differentially (p < 0.05) enriched ((a) and down-
regulated (b)) proteins between adherent (i) and non-adherent (iv) coculture, based on enrichment analysis (Gene Ontology, STRING, and Reactome)
and analyzed by hierarchical clustering. c) Protein expression heatmap of proteins identified in implantation “adhesome” for fertile (ii) and infertile (iv)
coculture, relative to trophectodermal spheroids (v). Scale represents label-free quantitation intensity. d) Venn diagram of proteins identified in fertile
adhesome (i) and infertile (non-adherent) endometrium coculture (iv), with trophectodermal spheroids alone (v).
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Figure 5. Endometrial adhesion to trophectoderm influences proteome.
a) Venn diagram of proteins identified in fertile adhesome (ii) and infer-
tile (non-adherent) endometrium coculture (iv), indicating differences in
cellular proteome based on coculture. b) Functional metrics of differen-
tially (p < 0.05) enriched proteins between adherent and non-adherent en-
dometrium to trophectoderm spheroids, performed based on enrichment
analysis (Gene Ontology, STRING, and Reactome). Data were analyzed by
hierarchical clustering. c) Significantly (p < 0.05) downregulated proteins
(based on enrichment analysis as above) using Gene Ontology, STRING,
and Reactome were analyzed by hierarchical clustering.

were exclusive to “receptivity”, 78 upregulated, 61 downregulated
(Table S10, Supporting Information). 156 proteins were exclu-
sively associated with adhesion, 78 upregulated, 78 downregu-
lated (Table S7, Supporting Information).

3.6. Protein Landscape of Trophectoderm Coculture with
Adherent and Non-Adherent Endometrium

To directly compare the protein landscape of trophectoderm be-
tween adherent and non-adherent monolayer and spheroid mod-
els, we performed cell-morphology-based proteomic profiling
(Figure 5a; Table S11, Supporting Information). Proteins differ-
entially (>2 ratio) expressed between adherent and non-adherent
monolayer and spheroid models revealed 114 proteins were se-
lectively upregulated (Figure 5b), associated with membrane, mi-
tochondria, cell adhesion (focal adhesion), protein transport, re-
sponse to oxidative stress, and gluconeogenesis; 358 proteins
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were downregulated in this comparison (Figure 5c). Functional
enrichment analyses of spheroid growth condition revealed net-
works associated with cell adhesion (cadherin binding, cell—cell
adherens junction, cell-cell adhesion, focal adhesion) and vas-
cular endothelial growth factor receptor signaling pathway. This
comparison reveals important cellular protein network changes
between monolayer and spheroid trophectoderm models with re-
gards to their adhesive protein landscape.

3.7. Tissue Expression of Endometrium Validates Receptome
Protein Expression

Immunostaining for KYNU, LGMN, PC4, CDA, and MAGT1
(Figure 6a—e, respectively) was evident within receptive phase
(mid-secretory) endometrium, mainly localized to epithelial cells,
with minimal/no immunostaining within non-receptive (prolif-
erative) endometrium (Figure 6fj), confirming the validity of our
proteomic approach (Figure 6k) in the identification of poten-
tial receptivity proteins. PC4 clearly demonstrates some degree of
staining within the proliferative phase endometrium (Figure 6h).
Importantly, this endometrial tissue expression approach vali-
dates receptome protein expression of several protein targets
identified by proteomic profiling, but does not distinguish be-
tween stromal and epithelial components of the endometrium.

3.8. Validation of Adhesome Function: Perturbing the Interaction
between Trophectoderm and Endometrium

Given that the ultimate aim of this study was to examine and
understand “embryo” (trophectoderm spheroid) adhesion to the
endometrial epithelium in a human model, validation in mouse
knockout models was inappropriate due to the different modes
of implantation between species. We targeted proteins identi-
fied in the proteomic profile of fertile implantation/adhesion
endometrium (adhesome; ii), in comparison to infertile non-
receptive endometrium (iii) and infertile non-implantation/non-
adhesion endometrium (iv) (Figure 6l). Knockdown of LGMN,
SERPINE1, and PTGS2 in the human ECC-1 cell line followed by
E/MPA treatment of the knockdown/scrambled construct cells
demonstrated significantly reduced trophectoderm spheroid ad-
hesion associated with LGMN (p < 0.01) and SERPINE1 (p <
0.05), and reduced adhesion associated with PTGS2 (ns) knock-
down versus scrambled construct (sc siRNA; control, Figure 6m).
This further validates our functional proteomic strategy and con-
firms the functional involvement of these proteins in adhesion
between trophectoderm and endometrium.

4, Discussion

This work interrogates and validates the cellular proteomes of
the endometrial epithelium at the human implantation site, in
terms of the “receptome” and the adhesome. The “receptome”
data defines the state of the epithelium for that very short period
of time in each menstrual cycle when the endometrium is ap-
propriately differentiated to enable embryo implantation, while
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Figure 6. Protein expression validation of receptome markers in human receptive endometrial tissue. Immunohistochemistry of receptome proteins
KYNU (a), LGMN (b), PC4 (c), CDA (d), and MAGT1 (e) positively immunostain endometrial epithelial cells within receptive (mid-secretory phase)
human endometrium with minimal/no staining within endometrial epithelial cells of proliferative phase endometrium for KYNU (f), LGMN (g), PC4
(h), CDA (i), or MAGTT1 (j). Closed arrowheads indicate endometrial glandular epithelium, * indicates endometrial glands invaginating from luminal
epithelium, # indicates endometrial stromal localization. k) Protein abundance by LFQ intensity of proteins identified in receptive (i) and non-receptive
(iii) endometrium. l) Protein abundance by LFQ intensity of LGMN, SERPINE1, and PTGS2 identified in adherent endometrium coculture (ii, F), non-
adherent endometrium monolayer (iii), and non-adherent endometrium coculture (iv, IF). Knockdown of LGMN (', p < 0.01), SERPINE1 (M, p < 0.05),

and PTGS2 () within endometrial epithelial cells reduced trophectoderm adhesion versus scrambled control (Ill, m).

the “adhesome” represents receptive endometrial epithelium that
has additionally been influenced by the presence of a blastocyst.
The study utilizes a recently developed coculture model of im-
plantation, using true trophectodermal cells and primary in-vivo-
derived receptive and non-receptive endometrial cells, and offers
promise for identifying and improving endometrial receptivity in
women.?! Importantly, the data provides uniquely regulated pro-
teins of importance for both receptivity and adhesion, critical for
establishing pregnancy in women.

It is clear from the proteomic data, that a differential response
to a high-quality human embryo may be mounted by the en-
dometrial epithelial cells depending on the fertility status of the
woman?’] as highlighted by our embryo mimic. These essential
changes within the luminal epithelium in the initial stages of im-
plantation are not replicated in some infertile women. Indeed, in
such women, the barrier function of the epithelium cannot be ap-
propriately modulated to enable trophectoderm attachment, thus
resulting in implantation failure.?®!

A global understanding of human endometrial receptivity
remains elusive, most likely due to the plethora of cell types
included in analyses and the variability between women. Fur-
thermore, endometrial receptivity may be pathological, display
altered timing or be a combination of pathological and altered
in timing.?? Such differentiation and determination of fertility
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issues may be aided by the current model. Since the first contact
between the embryo and endometrium is the epithelium which
lines the uterine cavity, the current study specifically examines
the functional status of endometrial epithelium and associated
changes in its proteome. Its strength lies in the unique power
of the trophectoderm spheroid model to discriminate between
“fertile” and “infertile” endometrium rather than reliance on
menstrual cycle day or apparent/previous fertility status, both
of which are unreliable “fertility determinants.” Proteomic anal-
ysis of appropriately hormone-primed (estrogen/progesterone)
endometrial epithelial cells, defined as “receptive” or “non-
receptive” based on trophectoderm spheroid adhesion, has
revealed a protein signature encompassing a large number of
proteins not previously investigated in this role. Our “epithelial
receptome” analysis has a concordance of 36.7% with previous
studies investigating endometrial receptivity (Supporting Infor-
mation references: epithelial receptome). This is encouraging,
particularly considering the overlap of a number of the proteins
identified with genes utilized by the endometrial receptivity array
to predict whether the endometrium is capable of supporting a
pregnancy,?* and that our proteome is specific to epithelium.
However, it is not surprising that the concordance rate is rela-
tively low given the lack of agreement between the many existing
genomic and proteomic studies of endometrial receptivity?®%
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and that the only previous study globally analyzing epithe-
lium alone, found distinct mRNA signatures for epithelium
and stroma.B!

As anticipated, many cellular adhesion proteins were upregu-
lated within receptive endometrial epithelial cells preparing for
embryo adhesion, together with cell membrane alterations sup-
porting a “plasma membrane transformation.”? Focal adhesion
proteins were downregulated, also encompassing aspects of the
plasma membrane transformation whereby the cells become less
adherent to each other and to their underlying basal lamina. In-
dependent immunohistochemical validation of five receptome
proteins localized them primarily to endometrial epithelial cells
of receptive (secretory) endometrium. Collectively, these findings
provide validity to our analyses, which are a unique resource for
studies of essential epithelial-specific changes and for diagnosis
of receptivity.

Identifying mechanisms that regulate/characterize the adhe-
sion phase of embryo implantation, is important if we are to
improve establishment of pregnancy.?”! The “adhesome” at the
trophectoderm—epithelial interface, includes many previously
unidentified proteins in this setting. Differentially expressed cell-
surface ligands, cell—cell, and cell-matrix adhesion and receptors
identified herein, need defining both in normal implantation and
when adhesion, cellular reprogramming, and specific cell inter-
actions are disturbed with infertility and complications of early
pregnancy. Important upregulated adhesome proteins included
PTGS2 (previously implicated in implantation®¥l), LGMN, and
SERPINE], for which mutations are associated with recurrent
pregnancy loss.>¥l Importantly, knockdown of three of these pro-
teins in epithelial cells functionally reduced their adhesive capac-
ity. Knockdown of PTGS2 did not significantly reduce adhesion,
potentially suggesting this protein may be of lesser importance in
the adhesive process. The proteins identified display a 30% con-
cordance with previous studies investigating receptivity and im-
plantation (Supporting Information references; adhesome) (an-
notated, Table S6, Supporting Information). This relatively low
concordance likely reflects the human focus of the current model
as opposed to previous studies conducted in mouse models.

5. Summary

Identification of the proteome of receptive endometrium repre-
sents a key step toward alleviating some infertility and provides
potential targets for the inhibition of receptivity as a contracep-
tive strategy. Furthermore, this first classification of the human
adhesome provides strong new targets for further investigation of
the basic mechanisms underpinning the critical first step in im-
plantation. Both the epithelial receptome and the adhesome pro-
vide a valuable resource for future studies focused on improving
embryo implantation by endogenous/exogenous interventions.
In addition, our proteomic strategy is broadly applicable to other
cell surface, developmental and stem cell systems. Future work
to enhance our endometrial/embryo proteomic resource could
include alternative methodologies to enrich membrane and cell
surface subsets, or related modifications associated with these
cell subsets. In addition, human extracellular protein and RNA
cellular datasets should be integrated to generate detailed knowl-
edge of the intra- and extracellular signaling pathways (i.e., me-
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diated through exosomesP! and soluble mediators) that regulate
receptivity and implantation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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