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Abstract

The human endometrium, the inner mucosal lining of the uterus, undergoes cycles
of shedding, regeneration, growth, and differentiation on a monthly basis in
response to steroid hormones. In endometriosis, endometrial-like cells grow outside
of the uterus, and are associated with debilitating chronic pain and subfertility that
can have a substantial negative impact on quality of life. Yet, it is not fully understood
how the endometrium achieves its immense regenerative capacity and whether the
cellular make-up of the endometrium in health and endometriosis differs. Studies
profiling the endometrium at the single-cell level have so far analysed only a limited
number of cells and samples, making it difficult to disentangle the inherent
heterogeneity of this dynamic tissue. In this thesis | aimed to generate a
comprehensive cellular map of the endometrium in a large set of donors with/without
endometriosis both during natural menstrual cycles and when taking exogenous
hormonal therapy. | hypothesised that by analysing a large set of endometrial
biopsies we can uncover novel cell populations and disease-specific transcriptomic

signatures.

The single-cell map presented in this thesis consists of ~600,000 whole cells and
nuclei from 90 individuals, and was compiled by integrating data newly generated
during my studies with two previously published datasets. Focusing on the epithelial
and mesenchymal cell lineages, | defined novel cell populations that appear around
the time of ovulation and window of implantation. Moreover, | observed cell
populations specific to taking various forms of exogenous hormonal therapy.
Additionally, | utilised the in vivo endometrial cellular map to dissect the cellular
heterogeneity of in vifro endometrial organoids and organoid-stromal cell co-
cultures. Analysing ~100,000 cells, | described a population of cells expressing
MUCSB, PAEP, and TFF3 as a feature present in organoids from donors with
endometriosis. Altogether, the cellular maps of the endometrium in vivo and in vitro
presented in this thesis have the potential to serve as a great resource to further
study endometrial function and associated pathologies, as well as guide the

development of novel clinical in vitro models of the endometrium.
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Throughout this thesis, | use the term ‘woman/women’ to refer to individuals whose
sex assigned at birth was female, regardless of their gender. Historically, studies
mentioned in this thesis did not distinguish between sex and gender when studying
the endometrium and endometriosis in individuals born with an uterus. The lack of
distinction between sex and gender makes it therefore difficult to use inclusive
language in this thesis. However, | would like to acknowledge and stress its
importance and hope for more research and use of inclusive language in the field

of endometrial and endometriosis research in the future.



Chapter 1: Introduction

1.1 Human endometrium in health

The human endometrium is the innermost mucosal lining of the uterus that provides
the site for embryo implantation and nutrition to the embryo during the first weeks
of pregnancy. Thus, this tissue is crucial for our species preservation. The
endometrium is a highly dynamic tissue that undergoes cycles of shedding, repair,
and differentiation in preparation for pregnancy. Under the influence of steroid
hormones, the endometrium proliferates and undergoes extensive morphological
changes, growing as much as 5-10 mm in just 7 days every month and is capable
of full regeneration without scarring upon parturition®. In the absence of pregnancy,
the superficial (functional) layer of the endometrium sheds and repairs in the next
menstrual cycle. It is estimated that during a woman’s reproductive years, the
endometrium undergoes around 400 cycles of such extensive proliferation,

shedding and repair?.

1.1.1 Endometrial morphology

Morphologically, during the reproductive years, the endometrium is composed of
two layers: the upper functionalis layer (adjacent to the uterine cavity) and the
bottom basalis layer (adjacent to the myometrium) (Figure 1.1). The functionalis
layer sheds during menstruation and is believed to regenerate from the basalis®’.
At the cellular level, the endometrium has a heterogeneous architecture with a
single layer of pseudostratified columnar epithelial cells lining the uterine cavity

(luminal epithelial cells), while tubular glands extend from the surface all the way to



the endometrial-myometrial junction (glandular epithelial cells) where a network of
complex, horizontally interconnected basalis glands is observed®'°(Figure 1.1).
Ciliated epithelial cells are also present and their numbers change in response to
steroid hormones across the cycle''. Stromal, fibroblast, perivascular as well as
endothelial cells provide support and structural integrity, including rich vasculature
within the tissue. Moreover, a wide array of immune cells play crucial roles in
endometrial shedding and repair, as well as embryo implantation and their numbers
change substantially across the cycle and in pregnancy'?'3. In addition, across the
cycle, stromal cells undergo substantial morphological and functional
transformation, known as decidualisation, in order to secrete factors required for
embryo implantation and induction of immunotolerance in the maternal immune
system'. Despite many years of research, how the endometrium achieves its
immense regenerative capacity remains only incompletely understood, and we are
still in search for specific markers, better molecular characterisation and in situ

location of putative endometrial stem/progenitor cells’.

Uterine cavity Luminal epithelial cells

Ciliated epithelial cells

Glandular epithelial cells

O

Non-decidualised stroma cells

Decidualised stroma cells

Immune cells

Fibroblast cells

&/ Myometrium Endothelial cells

bV iwes

Perivascular cells

Figure 1.1: Endometrial cellular morphology. This figure shows the relative locations of
the basalis and functionalis layers of the endometrium in relation to the myometrium and
the uterine cavity. Cellular composition, including the location of the different types of
epithelial, stromal and immune cells is also shown. The original figure was commissioned
from Antonio Garcia, scientific illustrator at Bio-Graphics and is adapted here.



1.1.2 The menstrual cycle

As described above, the functionalis layer of the human endometrium undergoes
extensive morphological changes during the menstrual cycle, which conventionally
lasts 28 days'®. The menstrual cycle can be divided into 3 major phases: menstrual
(day 0 - 5), proliferative (day 5 - 14) and secretory (day 14 - 28). However, the length
of the cycle and its different phases vary greatly among and within women'"-1°,
Broadly speaking, the cycle begins with the menstrual phase during which the
functionalis layer sheds and repairs rapidly while the breakdown is still underway?°.
Re-epithelialisation of the endometrial surface is completed within 48 hours after
shedding?', followed by the proliferative phase characterised by prominent
expansion of the epithelial glands, stroma and vasculature under the influence of
rising oestrogen levels produced by the ovaries??. As shown in Figure 1.2, initially,
the glands appear short and straight, swiftly elongating and acquiring more complex,
tortuous morphology towards the end of the proliferative phase?3. After ovulation,
progesterone is secreted by the corpus luteum within the ovary and its levels start
to rise. The endometrial cells respond by stopping their growth and becoming more
mature. They differentiate into secretory cells able to produce secretions needed for
embryo implantation and histiotrophic nutrition?4. These effects are mediated by the
response of both the stromal and epithelial cells to progesterone in a direct manner,
as well as paracrine signalling and cross-talk between these cell types. In the
absence of a pregnancy, regression of the corpus luteum leads to a drop in
progesterone production and its levels drop, causing the functionalis to shed,

initiating the menstrual phase of the cycle again®.
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Figure 1.2: Schematic overview of the endometrium across the menstrual cycle. The
endometrium sheds during the menstrual phase of the cycle, followed by repair and
regeneration during the proliferative phase, under the influence of rising oestrogen levels.
During the secretory phase, as progesterone levels rise, the epithelial glands start to
release secretions needed for embryo implantation. Figure created in BioRender using the
available presets for endometrium and thus the structure of the basalis glands is not
accurately represented (see Figure 1.1).

1.2 Human endometrium in disease

The previous section described the physiologically normal functioning of the
endometrium across the menstrual cycle. Yet, we still lack full understanding of how
the crosstalk between the endometrial, immune and vascular cells under the
influence of steroid hormones ensure the menstrual cycle proceeds as it should.
Better understanding of the processes driving endometrial regeneration in health
could help us understand the common pathologies affecting the uterus, including
menstrual disorders (such as heavy and abnormal uterine bleeding), uterine
fibroids, endometrial polyps as well as endometriosis and adenomyosis. The next
sections discuss what is known about the role of the human endometrium in
disease, focusing on endometriosis - a common condition described by the
presence of endometrial-like cells (also known as lesions) outside of their normal

location, the lining of the uterus.



1.2.1 Endometriosis and its pathogenesis

In ~10% of women of child bearing age?® (~190 million women worldwide), cells
resembling the endometrium are found outside of the uterus?’. This condition is
called endometriosis and is characterised as a chronic inflammatory disease.
Endometriosis causes subfertility, debilitating chronic and cyclical pain?® and is
estimated to cost the UK economy £8.2 billion a year in healthcare and loss of
work?®. Despite its high prevalence and economic costs, global studies have shown

an average time between onset of symptoms and first diagnosis of 8-12 years®3!.

Clinically, endometriosis affects every individual differently and symptoms can often
be mistaken for other diseases, e.g. gastrointestinal issues, urinary tract infection,
cancer, etc.32. The lack of reliable diagnostic tools as well as disease treatment is
strongly associated with poor understanding of the pathogenesis of endometriosis.
Many theories exist for what causes the disease (reviewed in®?) but the most widely
accepted theory for endometriosis pathogenesis is the one of ‘retrograde
menstruation.' During retrograde menstruation, the shed endometrial tissue and
blood travels up the Fallopian tubes into the peritoneal cavity instead of leaving the
body through the vagina. The shed tissue is believed to attach to the peritoneal
lining and organs, forming endometriotic lesions®* (Figure 1.3). However, retrograde
menstruation occurs in 90% of all women®® and only 10% of women develop
endometriosis. It is not clear what makes some women more susceptible to develop
endometriosis than others. Different properties of the shed tissue in women with
endometriosis, the lack of appropriate immune cell clearance of the shed tissue as
well as higher peritoneal cell receptivity are thought to be involved, reviewed in?7-33,

Yet, there are cases in which retrograde menstruation cannot explain the presence



of endometriosis and different theories for its origin have been postulated. For
example, endometriosis in women with Mullerian duct defects where there is no
reflux of menstrual debris has been suggested to occur as a result of coelomic
metaplasia, i.e. the transformation of peritoneal mesothelium into endometrial
epithelium3®. In the case of extrapelvic endometriosis, lymphatic and vascular
metastasis, i.e the transport of endometrial cells through lymphatic and blood
vessels has been proposed as another theory for endometriosis origin®’. From a
genetics perspective, collaborative genome-wide association studies (GWAS) have
identified variants that increase the risk of developing endometriosis®; however, the
contribution of these factors to disease development or to endometrial biology is still

unclear.

1.2.2 Endometriosis - current diagnosis and treatment

Historically, the only way to reliably diagnose endometriosis was by performing an
invasive surgery (laparoscopy) and histologically verifying the presence of
endometrial-like cells in the specimens excised®®4°. Recently, the development of
more accurate imaging technologies and careful consideration of patients' medical
history has enabled a less invasive route for endometriosis diagnosis, particularly
for ovarian and deep disease; however, it is neither sensitive nor specific enough
for superficial endometriosis*'~43. The current diagnostic delay of 8-12 years often
has crippling effects on the individuals affected, as well as their partners and
families. For many years, people with endometriosis can suffer from dysmenorrhea,
dyspareunia, dyschezia, chronic pelvic pain and subfertility, all of which can have a

significant impact on their quality of life*4.



Current endometriosis treatment is limited to (repeated) surgery, hormonal and
analgesic drugs with morbidity and many side-effects to alleviate and manage the
patients’ symptoms*546. Surgical removal of the lesions is thought to improve pain
symptoms and help increase chances of conceiving. However, the first line
treatment is usually prescribing hormonal therapy (such as the pill) to manage pelvic
pain*’. Taking oral contraceptives or progestogens can be effective for many, but
does not always work long-term or sufficiently for many others that require second
line hormonal treatment (such as gonadotrophin releasing hormone (GnRH)
analogues)**-%. GnRH analogues are very potent drugs that inhibit ovulation,
resulting in oestrogen levels comparable with menopause and as such have severe
side-effects®'. Yet, it is unclear whether the endometriotic lesions' growth rate and
progression patterns change when patients take these hormones, even though their
pain symptoms are alleviated*®. Furthermore, we also lack knowledge about the
effects these hormones have on the endometrium and how this might differ based
on the type and dose of hormones taken. Given millions of women world-wide take
exogenous hormones either for contraceptive reasons or as treatment options for a
multitude of reproductive conditions, studying the molecular changes exogenous

hormones have on the endometrium in health and disease states is long overdue.

1.2.3 Endometriotic lesions and disease staging

Endometriotic lesions found within the abdominal cavity have a myriad of different
features and appearances, but are generally grouped under 3 main categories:
peritoneal (or superficial) lesions, ovarian lesions (known as endometriomas) and
deep endometriosis lesions (Figure 1.3)%2. The common feature for all lesions is the

presence of endometrial-like epithelial and/or endometrial-like stromal cells®3. The



establishment, maintenance and response to treatment of the different lesions is

not well understood, nor whether and how endometriosis progresses.

To systematically describe the heterogeneous surgical presentation of
endometriosis, the extent of disease is classified based on the number, size and
location of the endometriotic lesions, as well as pelvic adhesions identified during
surgery®4. This most-widely used staging approach is referred to as the revised
American Society for Reproductive Medicine (rASRM) staging system®°, and it
classifies patients into four stages: stage | (minimal), stage Il (mild), stage Il
(moderate) and stage IV (severe) disease. The stage is calculated based on an
arbitrary points system, where different surgical findings are assigned different
numbers of points which are then added up (Figure 1.3). Unfortunately, minimal
correlation has been observed between this staging system and severity of
symptoms, disease prognosis or progression. Moreover, the staging system mainly
takes into account superficial lesions and thus fails to capture deep endometriosis,
including the localisation and size of deep endometriotic lesions®. As discussed,
endometriosis as a disease, including its aetiology and pathophysiology, still
remains enigmatic. This lack of knowledge hinders diagnosis without delays and
efficient treatment for endometriosis. The development of non-invasive diagnosis
methods and non-hormonal targeted treatment methods is currently a key priority

for both women and clinicians.



Stage | (minimal)
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Stage Il (mild)
* 6-15 points
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the peritoneal surface)
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Figure 1.3: Overview of endometriotic lesions and endometriosis staging. The types
of lesions found, and points assigned for each of the four endometriosis stages (I - IV)
during surgery. © Zondervan et al. (2018), Endometriosis. Nat Rev Dis Primers 4, 9°’. With
permission from Springer Nature, licence number 5425580956020.

1.2.4 Other common uterine and endometrial pathologies

Apart from endometriosis, there are many other common endometrial and uterine
pathologies, visualised in Figure 1.4. Even though these conditions are considered
benign, they have a significant impact on the quality of life of those affected.
Adenomyosis, for example, affects ~20% of women®® and is often the reason why
women undergo hysterectomy®. The aberrant growth of the endometrial epithelial
and stromal cells into the myometrium can cause debilitating pain, heavy bleeding,
and subfertility®®. Another condition mostly localised to the myometrium and
associated with heavy bleeding and significant pain is uterine fibroids. Fibroids are

abnormal growths of muscle and connective tissue diagnosed in around 70-80% of



women in their reproductive years®'. Fibroids can grow in different locations of the

uterus and are classified accordingly.

With regards to endometrial pathologies, hyperplasia is a condition in which the
endometrium proliferates irregularly, resulting in an increase in the gland-to-stroma-
ratio®2. Endometrial hyperplasia often presents with abnormal uterine bleeding, and
if left untreated has the propensity to progress to endometrial cancer®3. Similarly,
endometrial polyps are associated with abnormal bleeding, and in some cases can
progress to malignancy®5. Polyps are outgrowths of endometrial glands, stroma
and blood vessels that protrude into the uterine cavity and are reported to be the
most common pathological finding in the uterus®. Yet, their exact incidence is not
known. Likely, the true prevalence of all these endometrial/uterine conditions
described is underestimated and unknown. However, it has been reported that there
is substantial comorbidity between the different conditions, with endometriosis and
adenomyosis as well as endometriosis and fibroids and adenomyosis and fibroids
being co-diagnosed to a significant degree®”:%8, A better understanding of these

conditions and their effects on uterine and endometrial function is needed.

@ Endometriosis
o Adenomyosis
& Polyp
» Fibroid

Figure 1.4 Common endometrial and uterine pathologies. A schematic overview of
endometriosis, adenomyosis, endometrial polyps and uterine fibroids in relation to the
reproductive tract. The original figure was commissioned from Antonio Garcia, scientific
illustrator at Bio-Graphics and is adapted here.

10



1.2.5 Effect of exogenous hormones on endometrial morphology

Exogenous hormones are routinely prescribed as a treatment for the pathologies
described above and include commonly used contraceptives. A plethora of
contraceptive options exists, with different hormonal formulations and modes of
administration having different effects on the endometrium and its morphology. For
example, the combined oral contraceptive pill (COCP) composed of a combination
of oestrogen and progestin is taken orally for 21 days, followed by a 7-day tablet-
free period during which bleeding occurs. COCP suppresses ovulation and induces
the presence of narrow, straight epithelial glands with very little mitotic activity

surrounded by pseudodecidualised stroma®®-70.

In contrast, progestin-containing contraceptives are inconsistent in inhibiting
ovulation and mostly work by thinning the endometrium and thickening the cervical
mucus’’. They can be administered orally, as subdermal implants or as an
intrauterine device (IUD) and their effects on the endometrium vary based on the
duration of treatment, dose administered and partly on the type of progestin used.
The progestogen-only pill (POP) contains a progestin called levonorgestrel and is
taken continuously, with women experiencing light bleeds which may initially be
irregular., POP stops endometrial growth, induces variable stromal
pseudodecidualisation and with prolonged use can cause glandular atrophy,
abundant stromal pseudodecidualisation and presence of numerous thin-walled
blood vessels’®7273, With regards to progestin implants, atrophic, weakly
proliferative and pseudodecidualisation changes have been described®®. Similar

changes together with infiltration of immune cells are also detected when the
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progestin-releasing IUD (also known as the Mirena coil) is used and in some

women, ovulation may be inhibited’4-"¢,

Lastly, as described above for the treatment of endometriosis, administration of
GnRH analogues, such as goserelin acetate (drug name Zoladex) leads to
suppression of ovulation and ovarian hormone secretion causing endometrial

atrophy?”.

Taken together, the effects of exogenous hormones on both ovarian hormone
production and endometrial morphology are varied and require careful
consideration and extensive characterisation of the available clinical data and
endometrial phenotypes in order to be able to group patients in a meaningful way
and describe the morphological and transcriptomic response of endometrial cells to

exogenous hormones.

1.3 Human endometrium in vitro

Menstruation is limited to ~1.6% of known eutherian species, including humans, Old
World primates, elephant shrews, a few species of bats and the spiny mouse’®7°.
Meaning, no readily available animal models exist that can accurately mimic the
dynamic cyclical changes of the human endometrium. This lack of appropriate
models to study the endometrium in both health and disease poses a significant
challenge, limiting us to characterising biopsies of the endometrium collected during
clinical studies. This brings several difficulties, such as: (i) collecting samples only
at a particular time/phase of the menstrual cycle, (ii) studying mostly superficial

biopsies of the endometrium and not the deeper basalis layer and the myometrium
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unless women undergo hysterectomy, and (iii) not being able to perform
perturbations on these samples by for example manipulating them genetically or

pharmacologically.

To overcome some of these hurdles, in vitro model systems of the human
endometrium were established and have been reviewed in detail®®-®2. Historically,
cells have been cultured using conventional two-dimensional (2D) cultures of the
two major cell types: epithelial and stromal cells. However, growing epithelial cells
long-term as 2D monolayers has been hard to achieve and only possible by
culturing immortalised cell lines or cancer cell lines that no longer accurately
represent the naive cellular states of the endometrium as they are karyotypically
and physiologically abnormal®. In contrast, stromal cells grow readily as 2D
monolayers (Figure 1.5). However, their morphology and properties are different to
those in their three-dimensional (3D) in vivo environment and are also altered when
cultured long-term. Recent years have seen the development of 3D culture systems,
including the endometrial epithelial organoids®85, co-cultures of epithelial
organoids and stromal cells®®8” and a vascularised organ-on-a-chip system?8
attempting to recreate the complex physiological processes of the endometrium in
vitro. These systems are opening new frontiers for the study of the endometrium in
both health and disease. The following sections describe in more detail the 3D

organoid and co-cultures systems that | used and profiled during my studies.

1.3.1 Endometrial epithelial organoids

Organoids are self-assembled multicellular 3D structures that recapitulate important
aspects of a particular organ’s epithelium development and function®®. Organoids

have been established for a multitude of human organs®, including those of the
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reproductive tract®'. The establishment of endometrial epithelial organoids was for
the first time reported in 2017 by two groups®+® that embedded endometrial
epithelial cells in Matrigel and cultured them in chemically-defined media (Figure
1.5). These organoids could be expanded long-term and were reported to be
genetically stable, as well as hormone-responsive, which is a key feature of the
endometrium in vivo. To date, endometrial organoids have been derived from
healthy endometrium, hyperplastic endometrium, pregnant decidua, menstrual fluid,
endometrium from pathologies such as Lynch syndrome, cancer and endometriosis,
as well as from the cancer tumours and endometriotic lesions themselves®+85.92.93,
Importantly, organoids from pathologies maintained the disease phenotype in vitro
and in the case of cancer organoids showed a patient-specific drug response®?.
However, the endometrium is made of more than just epithelial cells, prompting
researchers to engineer systems in which multiple cell types, such as immune,
stromal and endothelial cells, can be co-cultured and all thrive.

Endometrium

g oy
L

2D monolayers " 3D organoids

stromal cells m;___) fs ) epithelial cells

X

3D co-cultures
stromal cells & epithelial organoids

Figure 1.5: Overview of in vitro endometrial cell models. Endometrial biopsies are
separated into stromal and epithelial cells and grown in vitro as either 2D monolayers
(stromal cells) in flasks or 3D organoids (epithelial cells) in Matrigel domes. Once expanded,
the stromal cells and epithelial organoids can be grown together in co-culture systems.
Figure created in BioRender.
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1.3.2 Endometrial epithelial and stromal cell co-cultures

Co-culturing of epithelial and stromal cells has been reported using various
approaches, including scaffold-free cultures®, porous collagen scaffolds seeded
with cells®> and embedding epithelial organoids and stromal cells in synthetic
hydrogels®®87. In the scaffold-free cultures, cells self-assemble into spheroids made
of a core of stromal cells, surrounded by a layer of epithelial cells. In the porous
collagen scaffolds, stromal cells are first allowed to adhere to the scaffold, followed
by seeding with epithelial organoids initially grown in Matrigel. A similar approach of
assembling already established epithelial organoids and stromal cells is also utilised
by embedding these inside synthetic hydrogels®®®’(Figure 1.5). The major
difference is that the synthetic hydrogels are chemically fully-defined and are not of
animal origin (unlike the collagen scaffold approach) and their stiffness can be fine-

tuned to match that of the endometrium in vivo?®.

Whilst all the different models and approaches were reported to generate cells that
respond to hormones, they all likely capture slightly different aspects of endometrial
biology and require deeper characterisation and further optimisation. That includes
understanding which subtypes of stromal and epithelial cells are in the cell culture
(e.g. glandular vs luminal epithelium). All of the described co-culture systems were
found to disintegrate in culture after a short period of time, and long-term
maintenance of these systems remains a challenge. In my studies, | used one of
the hydrogel systems in which organoids can be cultured for up to 15 days®. Its
properties are described in more detail in Chapter 5. Briefly, the main advantages
of using synthetic hydrogels for the co-culture include the possibility to: (i)

functionalise them with peptides that will support the growth of the different cell
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types, (ii) fine-tune their composition and stiffness to accommodate multiple cell
types, and (iii) keep their composition reproducible across all batches. This is in
contrast to using Matrigel, which varies in its composition batch-to-batch given its
animal cancer cell line origin. Moreover, the animal-free origin of the synthetic
hydrogels makes them more suitable for clinical and translational applications
further down the line. The synthetic approaches therefore provide more
reproducible and robust options for endometrial cell culture and are likely to be

utilised and adjusted extensively over the coming years.

In summary, being able to derive patient-specific long-term propagating cellular
models for many individuals opens up new avenues to study endometrial function,
disease pathology as well as drug response in a clinically-relevant personalised
manner. However, in order for these systems to be useful for translational
applications, we need to be sure they model the processes of interest accurately
and reliably. The next section describes how profiling the endometrium at the single-
cell level, both in vivo and in vitro, can provide powerful insights into not only the
cellular composition and function of the endometrium, but also how we can model,

evaluate, and screen these in vitro models in a high-throughput manner.

1.4 Endometrium in health, disease, and in vitro at the single-cell level

As described at the beginning of this chapter, the human endometrium is a highly
dynamic and heterogeneous tissue, made of many different cell types. In order to
understand what cell types it is made of and their role in normal endometrial function
as well as disease, the endometrium has to be studied at the single-cell level. When

| started my DPhil studies, there was a lack of published research work on
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endometrial cellular heterogeneity, with only one publication profiling ~70 cultured
endometrial stromal cells available®. Since then, multiple manuscripts profiling the
endometrial cells in health and disease in vivo and cultured in vitro have emerged
and are described below. Here, | first describe the basics of single-cell genomics
technologies and discuss in more detail the three major studies analysing the

human endometrium at the single-cell level published in the last two years®°.

1.4.1 Single-cell genomics technologies

No two cells in the body are the same even though they contain the same genetic
information. Each cell utilises the genome in a different way to fulfil its specialised
function based on its unique spatio-temporal context. The way cells respond to their
environment can be detected by analysing their gene expression using RNA
sequencing. Assessing the messenger RNA (mRNA) content of cells (i.e. the
transcriptome) at the single-cell level, however, was not possible until 20090,
Historically, gene expression studies characterised tissues using bulk genomics
technologies, obtaining the average gene expression across multiple cell
populations. These bulk RNA-sequencing approaches provided important insights
into many biological processes; however, could not capture cell-specific gene
expression signatures and identities of multiple cell types in parallel. To overcome
this obstacle, single-cell RNA-sequencing (scRNAseq) was developed followed by
many other single-cell genomics technologies profiling further modalities, such as
the genome’0'-19%  epigenome’%¢-1° and proteome''%-12 at cellular resolution.
Since their development, scRNAseq and single-cell genomics have revolutionised

our understanding of cell identity and tissue composition.
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1.4.1.1 Single-cell transcriptomics

Single-cell transcriptomics, the most commonly profiled single-cell modality, was
developed to analyse the cellular composition of a blastomere'®, and has since
evolved rapidly - it is now possible to analyse transcriptomes from tens of thousands
of cells in parallel’3. Such detailed gene expression analyses have led to the
discovery of many new cell states and rare cell populations'4-'17_ A plethora of
protocols exist for the isolation and capture of mMRNA from single cells, but by far
the most popular method today relies on using microfluidic devices to encapsulate
single cells with barcoded gel beads inside microdroplets''®11°, Once both a cell
and a bead are inside a droplet, the cell is lysed and its mRNA molecules are
labelled with a barcode that is unique to each bead, ensuring no two cells’ contents
are labelled with the same barcode. A commonly used commercial platform utilising
such a droplet-based approach is the Chromium platform from 10x Genomics, also
used in this thesis. Alternative methods include plate-based single-cell genomics
(e.g. Smart-seq3'?%), where cells are physically separated into 96 or 384 well plates,

one cell per well, prior to cell lysis and mRNA capture.

The advantages/disadvantages of both methods have been reviewed in detail'?".122,
thus | only describe a few key differences here. In contrast to droplet-based
technologies, plate-based methods do not have a size limitation and can be utilised
to analyse large cells that would not fit inside the microdroplets. Moreover, they
allow for full-length transcript capture and sequencing, while the 10x Genomics
droplet-based protocols only capture either the 3’ or 5’ ends of polyadenylated
transcripts. However, only a limited number of cells can be profiled using plate-

based methods, while tens of thousands of cells can be analysed using the droplet-
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based approaches. In both cases, once the cellss mRNA contents have been
captured, the mRNA is reverse transcribed into complementary DNA (cDNA). The
cDNA is then multiplied by polymerase chain reaction (PCR) to increase the minute
mMRNA yields from single cells and used to construct sequencing libraries. These
libraries are most commonly sequenced using short-read sequencing platforms,
and the single-cell transcriptomic data is aligned to the genome reference of choice

and analysed.

In order to obtain high quality single-cell transcriptomic data, cell viability has to be
high upon tissue dissociation into single cells. Initially, scRNAseq was therefore
performed exclusively on freshly collected samples and later also cryopreserved
ones. This limited the samples one could process and analyse. With improvements
in protocols and technologies, it became possible to also profile snap-frozen
samples where isolating viable single cells is technically challenging. In this case,
RNA sequencing of mRNA from single nuclei (snucRNAseq) can provide a useful
alternative'?®, and opens up the exciting possibility of exploring frozen archival
tissues stored in biobanks. However, single-nuclei data has its own unique
characteristics, such as lower input material than whole cells where both the nuclear
and cytoplasmic RNA is analysed. Moreover, there are differences between the type
and proportions of RNA found in the nucleus vs cytoplasm'?* and higher proportion
of ambient RNA in snucRNAseq data released from the cytoplasm during the nuclei
extraction protocol. Nonetheless, it has been shown that single nuclei contain
enough informative transcripts to identify the various cell types in the brain'2%126 as

well as the endometrium?,
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1.4.1.2 Spatial transcriptomics and emerging technologies

While the above described single-cell methods have provided remarkable insights
into cellular diversity, they rely on tissue dissociation, meaning information about
the cells' spatial context is lost. Spatial transcriptomics allows one to locate specific
cell types in situ, within intact tissue sections. Recently, many spatial transcriptomics
technologies with distinct sensitivity and readout throughput have been developed,
pushing the boundaries of resolution and field of view these methods can
achieve'?’. Spatial transcriptomics technologies have been reviewed in detail
recently'?8129 but broadly can be divided into: (i) sequencing-based, which label
transcripts with their positional information prior to next-generation sequencing and
(il) imaging-based, which either rely on (a) in situ-sequencing that directly amplifies
and sequences the transcripts inside the tissue or (b) in situ hybridisation that uses
pre-designed probes that hybridise to the targets inside tissues'3?. Spatial
transcriptomics technologies hold a great promise for better understanding of tissue
architecture and intercellular communication, as well as how it is altered in diseases.
Moreover, technologies providing access to multiple modalities from the same cell
are helping to give a more holistic view of the cell. For example, measurements of
both the genome and transcriptome modalities have been used at the single-cell
level’3', as well as measurements of both the transcriptome and protein
expression'®2. In the future, spatial profiling of all of the modalities (genome,
epigenome, transcriptome and proteome) from a single cell will likely be feasible.
Such spatial multi-omics data could provide a more complete and mechanistic view

of each and every cell within their tissue microenvironment.
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1.4.2 Human endometrium at the single-cell level

The last two years have seen an increase in the number of publications profiling
human endometrial cells at the single-cell level. The focus of these has varied
greatly. Some studies characterised cultured endometrial stromal®®'3® and
perivascular'®* cells showing that indeed culturing cells in vitro alters their
transcriptomic profiles when compared to the in vivo cells®:'34. In one of the studies,
stromal cells were grown from both healthy donors and donors with endometriosis.
The authors reported an aberrant differentiation pathway in one of the stromal
fibroblast populations in women with endometriosis, suggesting that this could
increase the capacity of these cells to initiate endometriotic lesion formation and
growth'33, Validation of these findings in women with endometriosis in an in vivo
context is now warranted given cell culturing can introduce artefacts and

phenotypes that may not occur outside of the in vitro context.

Other studies have profiled the endometrium in a set of other pathological
conditions, including thin endometrium'3%13¢ adenomyosis'®’, recurrent pregnancy
loss and implantation failure'-140 as well as endometrial cancer''#2, In most of
these studies, the sample size was low, ranging from 1 to 3 patients per condition
studied and low numbers of cells analysed. Oftentimes the samples came either
from the same menstrual phase of the cycle or the phase was not considered. Given
these limitations, it is difficult to judge the reported results and dysregulated
pathways and phenotypes. For this reason, these papers are not discussed here in

detail.
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1.4.2.1 Endometrium across the menstrual cycle

Publications described in detail include the only two studies looking at the
endometrium in health across the menstrual cycle®”:%. Wang et al.%” focused on
characterising the transcriptomic changes of the functionalis layer of the
endometrium - the layer that sheds and regenerates across the menstrual cycle.
The authors studied the main dynamic changes of gene expression across the cycle
in the epithelial and stromal cell compartments. They identified sudden and abrupt
changes in gene expression in epithelial cells (upregulation of PAEP, GPX3 and
CXCL14) marking the opening of the window of implantation (WOI), while the
changes observed in the stromal cells (upregulation of FOXO1, IL15) were more
continuous and observed already earlier on in the cycle®’. Most of their results were;
however, based on characterising only ~2,000 cells from 19 donors across the
cycle. They generated a further dataset of ~70,000 cells predominantly from
secretory phase samples to confirm their findings for the WOI markers but the data
was not integrated with the previous dataset to corroborate other findings. This

dataset is discussed in more detail in Chapters 2 and 3 of this thesis.

The second study of the endometrium across the cycle, performed single-cell and
spatial transcriptomics on full-thickness endometrial biopsies from organ donors, as
well as single-cell transcriptomics on biopsies of the functionalis layer in living
donors®. Obtaining the spatial information allowed the authors to give spatial
coordinates to the cell states obtained and characterise the cell-cell communication
processes mediating epithelial identity in the three main endometrial layers: (i) the
basalis layer, enriched in endometrial progenitor cells; (ii) the functionalis layer,

enriched in glandular secretory cells, and (iii) the luminal layer, enriched in ciliated
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and luminal cells. Garcia-Alonso et al. showed that the luminal epithelium is defined
by high WNT and low NOTCH expression, while the opposite is true for the
glandular epithelium, and postulated this has an impact on epithelial cell identity.
Using endometrial epithelial organoids, the authors demonstrated that the low
NOTCH environment characteristic of the lumen is essential to maintain ciliated
identity while the low WNT environment present in the glands is key to acquire a
glandular secretory cell fate. Moreover, this study described further epithelial and
mesenchymal subsets across the menstrual cycle, and these are described in more

detail in Chapters 2 and 3.

1.4.2.1 Endometrium in endometriosis

Recently, a few studies have started looking into the cellular composition of the
eutopic endometrium from patients with endometriosis. Mostly, though, these
studies focused on describing the cellular composition of the ectopic endometriotic
lesions themselves®143.144 " and have identified distinct cell type composition and
expression differences between peritoneal lesions and ovarian endometriomas,
specifically in their angiogenic and immune microenvironments®:'44, With regards
to the endometrium from healthy women and those with endometriosis, studies have
reported dysregulation of the stromal and immune compartments in the
endometrium of women with endometriosis to various degrees®:143.145-147  For
example, comparing the endometrium of 3 healthy controls and 9 endometriosis
cases (with most donors on hormones at sample collection), the Tan et al. study®®
reported dramatic changes in the cellular composition of the endometrium - in
endometriosis, the proportion of epithelial cells was reduced and replaced by stroma
and lymphocytes. Moreover, an increase in cell-cycle-related gene expression and

proliferation of fibroblasts in endometriosis and specifically, higher expression of
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osteoglycin (OGN) was reported. Heterogeneity of these findings across individuals
was reported as well as the existence of a new epithelial cell population, termed
MUC5B*, found both in eutopic endometrium and ectopic lesions. MUC5B* cells
specifically expressed RUNX3, TFF3 and SAA1, hinting at their role in epithelial

repair.

In contrast, Ma et al.'*3 reported the endometrium of controls and cases from the
proliferative phase of the cycle (n = 3 for each group) to be generally similar,
observing only some differences in endometrial fibroblasts. Fibroblasts from donors
with endometriosis were reported to be enriched in functions including gland
development and tissue morphogenesis, while functions of fibroblasts from controls
were related to ATP and metabolic processes’'®3. In another study, significantly
reduced expression of TYRO3 in stromal cells of endometriosis cases was reported
based on the analyses of proteomics data and scRNAseq data from 3 controls and
3 endometriosis cases'’, suggesting dysregulated cell-cell interaction between
immune and stromal cells. A dysregulated immune and stromal cell phenotype was
also observed when analysing the menstrual effluent from controls (n = 9) and
endometriosis cases (n = 11). It revealed that stromal cells from endometriosis
cases were enriched in cells expressing pro-inflammatory and senescent
phenotypes and lacked a subset of decidualised stromal cells that were abundant
in controls'#5. Moreover, a striking reduction of uterine natural killer cells (UNK cells)
in endometriosis cases was reported. This was not seen in a different study utilising
scRNAseq data to deconvolute bulk RNA-sequencing datasets where, on the
contrary, an increase in UNK cells was observed in endometriosis cases (especially

stage IlI-IV) when compared to controls'46.
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Taken together, all of the above studies have attempted to shed light on the cellular
composition of the endometrium in health and endometriosis; however, with
conflicting findings. Likely, this is due to the small number of samples profiled. Given
the inherent heterogeneity of the endometrium both inter- and intra-individually,
larger sets of samples need to be profiled to understand whether and what
differences exist between the endometrial cells of those with and without

endometriosis.

1.4.3 Endometrial epithelial organoids at the single-cell level

When it comes to studying the endometrial epithelial cells in vitro, three studies have
characterised endometrial organoids using scRNAseq and studied the cells’
response to hormonal stimulation as well as differentiation to different
lineages®:148.149_ Even though the studies varied greatly in experimental set-up, they
were in agreement in observing an increase in secretory (expressing PAEP) and
ciliated cells (expressing FOXJ1) upon stimulation with hormones that mimic the
menstrual cycle®® %8, The most detailed scRNAseq analysis utilised an automated
classifier based on logistic regression that was trained on in vivo endometrium data
to quantitatively annotate the in vitro organoid data. This analysis showed that
endometrial organoids' early response to hormonal stimulation closely matches that
of in vivo epithelial cells. However, the final differentiated glandular and secretory
cells were a bit more difficult to recapitulate in vitro. In addition, combining clonal
organoids (i.e. organoids derived from a single cell) and trajectory reconstructions,
the authors demonstrated that, at least in vitro, the secretory and ciliated lineages

arise from one common epithelial progenitor®.
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In the Tan et al. study into endometriosis®, organoids were generated for both the
endometrium as well the endometriotic lesions and profiled using scRNAseq. The
authors did not compare the transcriptomic profiles of organoids derived from the
endometrium of healthy controls to those with endometriosis. Instead, they showed
that organoids derived from the for the first time identified MUCS5B* cells grew in
larger numbers and to significantly bigger sizes than those from MUCSB" cells.
Overall, they reported a large proportion of the cells in culture (~70%) to express
MUCSB. Considering marker gene expression, these cells were similar to the
MUCSB™ cells identified in their in vivo data, suggesting that indeed the MUC5B*
cells are likely progenitors able to expand long-term in vitro. With regards to the co-
cultures of organoids and stromal cells, one study®’ profiled these using scRNAseq
and showed that stimulation of the model system with hormones led to
decidualisation of the cells, closely resembling the mid-luteal phase endometrium.

In summary, in vitro models of the endometrium can play an important role in
enhancing our understanding of the endometrium in health and disease, as these
systems can be manipulated both genetically and pharmacologically. Single-cell
genomics can be used to evaluate and improve endometrial in vitro systems by
identifying key regulators and factors critical for successful recapitulation of a certain
physiological or disease process in vitro, and also for high-throughput screening
readout of these systems upon manipulation'. Comparing single-cell in vivo
reference organ atlases with in vitro model ones can serve as a powerful tool to
assess and enhance the systems’ quality and guide their development by revealing

any aberrant gene expression or missing cell types/states.
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1.5 Hypotheses and aims

As described in this chapter, single-cell and spatial transcriptomics have provided
extraordinary resolution for studying the dynamic function and cellular heterogeneity
of the human endometrium in health, with some studies starting to provide insights
into endometrial pathologies. In addition, endometrial epithelial organoids and their
co-culture with stromal cells have opened new avenues to mechanistically dissect
the underlying molecular processes important for endometrial regeneration and
disease development. However, to truly understand the mechanisms inherent to
disease, and to translate the findings obtained through using these cutting-edge
approaches into therapeutic target discoveries, we need to analyse an adequate
number of patients and tissue samples and link detailed clinical metadata with their
transcriptomic signatures. To maximise biological insights, leveraging advanced
computational methods is key in the analysis of these ‘big data’ datasets. Finally,
even though the in vitro model systems described here have been used for some
years, they urgently require further characterisation and benchmarking to
understand what biological processes they can/cannot recapitulate, and which
model systems are best suited for the research questions asked. This thesis aims
to address some of the gaps in our knowledge described in the context of the human

endometrium in donors with and without endometriosis.
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Overall hypothesis: The human endometrium is made of many different cell types
and states, the majority of which can be described by their unique transcriptomic
signatures. The abundance of these cell states across the menstrual cycle and/or
their transcriptomic signatures are altered in those with endometriosis when

compared to those without endometriosis.

Overall aim: Characterise the transcriptomic signatures of endometrial cell states
driving the regeneration and differentiation of the human endometrium, pinpointing
any differences specific to endometriosis. To address this aim, | use single-cell
transcriptomics in a large set of endometrial samples from women with/without

endometriosis across the menstrual cycle.

More specifically, this thesis is divided into three experimental chapters (Chapters

3-5), addressing the following 3 main research questions:

Question 1: Can a harmonised single-cell transcriptomic map of the endometrium
be built by combining multiple datasets and data sources? (Chapters 3 and 4)
1.1: Are endometrial cell populations easily and consistently identifiable
based on their transcriptomic signatures across multiple datasets?
1.2: Can my newly generated dataset of the endometrium be integrated and
analysed together with previously published scRNAseq datasets of the
endometrium?
1.3: Is it possible to profile snap-frozen endometrial biopsies previously
banked using snucRNAseq?
1.4: Can the different transcriptomic data sources (scRNAseq and
snucRNAseq) be integrated and analysed together?
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Question 2: What is the transcriptome-defined cellular composition of the human
endometrium across the menstrual cycle? (Chapters 3 and 4)
2.1: Can new cellular states/heterogeneity be uncovered by analysing a large
set of endometrial biopsies?
2.2: Are there differences in the cellular composition of the endometrium
across the menstrual cycle in donors with and without endometriosis?
2.3: What are the cellular and transcriptomic signatures of the endometrium

from donors taking exogenous hormonal therapy?

Question 3: Do in vitro model systems of the endometrium capture the cellular
heterogeneity seen in in vivo endometrium? (Chapter 5)
3.1: What is the cellular heterogeneity of endometrial epithelial organoids
and endometrial epithelial organoids co-cultured with stromal cells?
3.2: How does the presence/absence of endometriosis change the
transcriptomic profiles of endometrial cells in vitro?
3.3: Does taking exogenous hormones at sample collection influence the
transcriptomic profiles of these cells in vitro?
3.4: Which in vivo endometrial cell states are recapitulated in the presence
of oestrogen and progesterone in the culture media in both the endometrial
epithelial organoids and organoid-stromal cell co-cultures?
3.5: How accurately are in vivo endometrial cell states recapitulated in the

two different in vitro systems?
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Chapter 2: Datasets and samples analysed

2.1 General overview of datasets analysed

In this thesis, apart from generating and analysing my own data, | have also
examined and re-analysed datasets from three recently published studies looking
at the endometrium®-99, Here, | outline the characteristics and specifics of each of
these studies and their set of samples. Briefly, all studies (including mine) profiled
the endometrium of reproductive-age women and focused on collecting superficial
endometrial biopsies. In the case of the Garcia-Alonso et al.%® study, two full
thickness endometrial samples were also collected (see section 2.3.1). Where
possible, the menstrual phase was assigned by a pathologist, and considered for
data analysis and interpretation purposes. Moreover, use of hormonal treatment
(including which type) was also reported. Two of the studies, Wang et al.®” and
Garcia-Alonso et al.®8, only analysed samples from individuals without reported
endometrial/uterine pathologies, while Tan et al.®® also profiled the endometrium of
women with endometriosis. In the case of the Tan et al. study, the endometriosis
stage was assigned using the rASRM staging system. In my study, from now on
referred to as the Mareckova et al. study, | have generated data for the most
comprehensive set of samples, including the endometrium of individuals without
endometriosis (i.e. controls), those with endometriosis and those with other
endometrial pathologies, as well as of those taking hormonal therapy. Figure 2.1
gives an overview of the number of samples analysed, including which datasets are

re-analysed and presented in which chapters of this thesis.
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Figure 2.1: Overview of datasets’ use in thesis chapters. Schematic representation of
the different entities profiled and presented in this thesis (endometrial cells, nuclei,
organoids or co-cultures) for each dataset analysed and the number of unique samples
processed. Chapters (Ch) in which the data are presented are indicated.

2.2 Newly generated data: the Mareckova dataset

2.2.1 Ethical approvals for sample collection

Tissue samples used for my DPhil project - the Mareckova et al. study, were
collected under three studies: (i) Endometriosis Oxford (ENDOX), (ii) Fibroids and
Endometriosis Oxford (FENOX) and (iii) Sanger Human Cell Atlasing Project. Both
ENDOX (REC: 09/H0604/58) and FENOX (REC: 17/SC/0664) obtained ethical
approvals from the Central University Research Ethics Committee, University of
Oxford. Yorkshire & The Humber - Leeds East Research Ethics Committee
approved the Sanger Human Cell Atlasing Project (REC: 19/YH/0441). One sample

was also collected under the Immunology of Subfertility study (REC: 08/H0606/94)

31



approved by the Oxford Research Ethics Committee C. In all instances, written
informed consent was provided by study participants prior to obtaining tissue

samples and phenotypic data.

2.2.2 Donor inclusion/exclusion criteria and phenotypic data

Only individuals aged 18-50 years (n = 89) were recruited for my study (Figure 2.2).
Patients taking part in the ENDOX and FENOX studies were undergoing
laparoscopic surgery for suspected endometriosis or infertility reasons at the John
Radcliffe Hospital, Oxford. At the beginning of surgery, a pipelle biopsy of the
endometrium was taken and the presence/absence of endometriosis, including
endometriosis stage (rASRM stages I-1V) assigned upon surgical evaluation during
the laparoscopy (n = 86 donors). Three additional control samples (i.e. samples
from donors without endometriosis) came from the Sanger Cell Atlasing Project
study (n = 2) and Immunology of Subfertility study (n = 1). Absence of endometriosis
was determined based on the clinical and medical history of the patients. For the
Sanger Cell Atlasing Project, patients attended a coil clinic at the Chelsea and
Westminster Hospital, London. During the coil insertion procedure, a biopsy of the
endometrium was taken in an outpatient setting. For the Immunology and Subfertility
study, patients were undergoing in vitro fertilisation at TFP Oxford Fertility, Oxford
and a luteal phase endometrial biopsy was taken in an outpatient setting one cycle

before the patient became pregnant and had a live birth.
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Figure 2.2: Overview of donors recruited for the Mareckova et al. study. In total, 89
donors were recruited, with 86 donors recruited as part of the ENDOX/FENOX studies and
3 at TFP Oxford Fertility and as part of the Sanger Cell Atlasing Project study. Shown is the
number of donor samples used for extracting and profiling cells or nuclei or both.

While 89 donors were recruited and their samples processed, in this thesis | only
present data for 75 donors for reasons described in Chapter 4. Out of the 75 donors,
58 donors were recruited during their natural menstrual cycles (i.e. not taking
hormonal therapy at least 3 months prior to sample acquisition), but we also
collected the endometrium of patients taking hormones (n = 17). A summary of
donors’ phenotypic data is shown in Table 2.1, highlighting that our donors were of
similar age, irrespective of being controls (n = 22) or endometriosis cases (n = 53).
Moreover, we collected endometrial biopsies from across the menstrual cycle and
from all endometriosis stages (I-1V). However, in our patient set there is a bias
towards having more samples from patients with endometriosis stages /Il (n = 34)

vs endometriosis stages lIl/IV (n = 19).

Furthermore, we also collected data about donors having other benign uterine
pathologies at recruitment (i.e. fibroids, polyps, adenomyosis, hyperplasia) and
aimed to exclude patients with these pathologies. However, in some cases, later

histological evaluations revealed the presence of these pathologies after the
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sequencing data had already been generated. Table 2.1 summarises which of these
pathologies are present in the Mareckova et al. study. Information about other
uterine/endometrial pathologies was not provided by the rest of the studies. Donors

with endometrial cancer were not recruited.

Table 2.1: Summary of donor phenotypic data for all datasets analysed.

Study
Mareckova Garcia-Alonso Tan Wang
Control Endoms Control Control Endoms Control
Donor # 22 53 5 3 9 10
Age’ 325+08 322+0.8 278+2.0 33.3+59 358+1.9 18 - 34
Menstrual cycle group
Menstrual 1 4 - - 1 -
Proliferative 6 15 2 1 - 2
Secretory 9 21 3 - - 8
Hormones 5 12 - 2 8 -
Unknown 1 1 - - - -
Endometriosis stage (rASRM)
i - 34 - - 1 -
v - 19 - - 8 -

Other endometrial/uterine pathology

Adeno - 3 = - - -
Adeno + Polyps - 1 - - - &
Adeno + Fibroids - 2 - - - -
Fibroids - 6 = - - -
Fibroids + Polyps 1 - - - - -
Hyperplasia - 1 - - - 2
Polyps 2 - - - - =

Abbreviations: Endoms, endometriosis; Adeno, adenomyosis; rASRM, revised American
Society for Reproductive Medicine staging system.
Superscripts: "age is reported as the mean * standard error of the mean.
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2.2.3 Sample collection and processing

Superficial biopsies of the endometrium were collected using the Pipelle® sampling
device and immediately transferred into ice-cold phosphate buffered saline (PBS)
solution (Gibco, 10010023). The endometrial tissue was then cut into smaller pieces
and either moved into a cryovial and snap-frozen on dry ice (for single-nuclei
extraction and processing) or moved into ice-cold HypoThermosol®FRS solution
(Sigma-Aldrich, H4416) and stored at 4°C until further processing (either to be
digested fresh or cryopreserved and digested later for single-cell processing).
Where possible and sample size allowed, a small piece of tissue was also
embedded in optimal cutting temperature (OCT) compound (ThermoFisher
Scientific, 23730571) inside a cryomold and rapidly frozen in dry ice/isopentane

slurry for histological evaluation.

2.2.4 Menstrual phase assignment

For those samples where snap-frozen tissue was available, OCT blocks were
sectioned at 10 pM thickness and haematoxylin and eosin-stained following
standard protocols. Menstrual phase was assigned based on histological
evaluation'’ of the stained slides by Dr Kezia Gaitskell and Dr Slaveya Yancheva.
Where this was not possible, the menstrual phase was assigned based on the

transcriptomic data and cellular profiles of the samples.

2.3 Published data: the Garcia-Alonso, Tan & Wang datasets

In the Mareckova et al. study, | generated both scRNAseq and snucRNAseq data,
while the previously published studies by Tan et al. and Wang et al. had only
generated scRNAseq data from endometrial biopsies. The Garcia-Alonso et al.

study generated both scRNAseq (n = 5) and snucRNAseq (n = 4) data but the
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snucRNAseq data was from the proliferative phase only and used for validation
purposes of the scRNAseq data. For the analyses in this thesis, | only considered
scRNAseq data generated for endometrial biopsies that were processed using the
10x Genomics Chromium platform and kits to reduce further technical
discrepancies. All of the studies used fresh tissue samples, while in my study | also
profiled cryopreserved samples, as | have shown that cryopreservation does not
influence the cells’ transcriptomic profiles (Appendix 1). The main characteristics
and sample sets for each of the studies are highlighted in the below sections and
Table 2.1 summarises the main differences in patient phenotypic data. Due to
scarcity of information on ethnicity, i.e. only reported by Tan et al. and not available
for most of the Mareckova et al. study donors, this information is not included in the
table. Moreover, information on BMI, fertility status and medications taken was not
available for most individuals, but would be of importance to consider in future
endometrial studies. With regards to age, the mean age of the donors is comparable

between all of the studies (Table 2.1).

2.3.1 The Garcia-Alonso dataset

In this study, data was generated for both superficial endometrial biopsies as well
as endometrium and myometrium from deceased organ donors across the
menstrual cycle. The biopsies from the organ donor programme were processed in
a way that allowed the endometrium and myometrium to be separated and cells
from each loaded as a separate 10x reaction. Considering the rest of the datasets
used superficial biopsies only, in this thesis | only re-analysed the endometrial
fraction of the biopsies from the organ donor programme. The collection, storing
and subsequent enzymatic digestion protocol (2-step digestion with collagenase V

and trypsin at 37°C) are almost identical to what | did for my study’s scRNAseq
36



samples (described in detail in sections 3.3.1 and 3.3.2). In the Garcia-Alonso
dataset, two samples are available from the proliferative phase, and three from the

secretory phase.

2.3.2 The Tan dataset

The focus of the Tan et al. study was to describe single cell expression differences
in endometrium from healthy controls (n = 3) vs endometriosis patients (n = 9), as
well as profile endometriotic lesions. Most of the donors were taking hormonal
therapy at the time of sample collection (n = 10), apart from one control and one
endometriosis patient (Table 2.1). The sample digestion protocol differed
significantly when compared to the rest of the studies: the collected samples were
digested at 6°C using a protease and DNAse | solution and a Miltenyi GentleMACS
Dissociator. Cells obtained were also live/dead sorted using FACS to enrich viable
cells. In this thesis, only the data for endometrial biopsies are re-analysed, excluding
the endometriotic lesions. While Tan et al. analysed endometrium of controls and
endometriosis cases, the numbers were limited and there was a higher percentage

of samples from endometriosis stages Ill/1V (89%) (Table 2.1).

2.3.3 The Wang dataset

The Wang et al. study aimed to describe the cellular heterogeneity of the
endometrium across the cycle and in their initial dataset profiled 19 biopsies across
the menstrual cycle using the C1 Fluidigm platform. This approach yielded only
~2,000 cells in total and the authors therefore generated a further validation dataset
of ~70,000 cells from 10 biopsies using the 10x Genomics Chromium platform and
kits. It is only the 10x validation dataset that is re-analysed in this thesis. Most of the

samples collected were from donors in the secretory phase of the menstrual cycle
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(n=8), and 2 samples are from the proliferative phase (Table 2.1). Unlike the other
studies, Wang et al. do not provide the exact age on a per donor basis, but rather
as a range of ages (18-34 years) for the whole patient cohort. With regards to
sample processing, the Wang et al. study also used their study specific protocol.
Briefly, fresh biopsies were digested in a two-step fashion: (i) overnight at 4°Cin a
collagenase A1 solution followed by (ii) digestion of filtered, undigested tissue
pieces in TypLE at 37°C. Both fractions were then enriched for live cells using

MACS® and mixed at a 1:1 ratio before loading the 10x chip for scRNAseq.

2.4 Conclusions

In summary, all of the previously published datasets described above looked at a
limited number of samples and cells when analysing the human endometrium
across the menstrual cycle and in case of the Tan et al. study, in health vs
endometriosis. Analysing a larger number of samples is particularly important as the
endometrium is highly variable and dynamic, both inter- and intra- individually. The
complexity is further increased when talking about diseases, such as endometriosis,
which has a very heterogeneous presentation. Taking and not taking various types
of exogenous hormonal therapy also greatly affects the endometrium and needs to
be studied in more detail. In order to address these gaps, for my study | have profiled
and generated data for a large set of individuals without endometriosis, with
endometriosis (all stages), have natural cycles and take hormonal therapy. Having
such a diverse dataset allowed me to build a more comprehensive map of the
endometrium in health, disease and under hormonal influence and to utilise the
previously published datasets by integrating them with my data. The next chapters

deal with the different analyses performed on all of these datasets and how they
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have helped me to better define the cellular heterogeneity of the human

endometrium.

Throughout the next chapters | refer to the cellular heterogeneity of the human
endometrium even though most of the samples analysed and presented in this
thesis are superficial biopsies collected from living donors (i.e. predominantly
sampling the functionalis layer) and only two samples from the Garcia-Alonso et al.
dataset include full-thickness endometrium (i.e. both the functionalis and basalis
layers). | therefore wish to acknowledge that technically-speaking, it could be more
accurate to refer to the cellular heterogeneity of the functionalis of the human
endometrium. However, it would not fully encompass all of the samples presented
in this thesis and the fact that even when superficial endometrial biopsies are
collected, depending on the thickness of the functionalis, the clinic/clinician
collecting these samples and sampling device used, more than just the functionalis
might be sampled and analysed. This is supported by the observation of cells found
within the basalis layer also detected in some of the superficial biopsies presented

in Chapters 3 and 4.
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Chapter 3: Single-cell map of the human endometrium

3.1 Introduction

As described in Chapter 1 and Chapter 2, the endometrium is highly heterogeneous,
both inter- and intra-individually. This is true both across the menstrual cycle and
one’s lifetime. To capture the heterogeneity and cell states present, large cohorts of
patients need to be characterised. Previous studies have started profiling the
endometrium at the single-cell level but so far the number of cells and samples
analysed have been limited (Table 3.1). Integrating datasets from multiple sources
offers the possibility to build more comprehensive and cohesive maps of the
endometrium, achieving higher statistical power for downstream analyses.
Undeniably though, datasets from multiple sources have their inherent
characteristics and technical variations that need to be considered. This chapter
deals with the integration of three previously generated datasets with data newly

generated as part of my project.

3.1.1 Data integration

Multiple factors such as library size, experimental batches/runs, individual donor
samples and different tissue processing protocols can introduce strong batch-
effects that need to be accounted for when analysing scRNAseq datasets.
Otherwise, these technical factors can mask the real biological signals in the data.
Computationally, batch-effects can be corrected for, meaning any technical
nuisances can be removed while maintaining the biological variation of interest.
Such batch-effects correction is especially important when analysing and merging
datasets from multiple labs/sources as is the case in this thesis. A plethora of tools

exists for fulfilling this task, reviewed in'®? but here we utilised the single-cell
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Variational Inference (scVI) method'® for data integration. scV/ is a fully
probabilistic method that uses neural networks to model the expression of each
gene in each cell while accounting for batch effects. scVI is a machine learning
method which is particularly suitable for integrating large datasets with multiple
sources of batch effects, as is the case with the datasets to be combined here

(please, see below and Chapters 2 and 4 for more information).

In this chapter, scVI was used to capture the commonalities and differences
between 4 datasets: (i) the newly generated Mareckova et al. dataset containing
mostly proliferative phase samples, samples from controls and endometriosis cases
as well as donors on hormones, (ii) the Garcia-Alonso et al. dataset with control
samples from multiple tissue sources - superficial and whole uterus biopsies, (iii)
the Wang et al. dataset with majority of samples from the secretory phase, and (iv)
the Tan et al. dataset with most samples from donors taking exogenous hormones.
All of these variations were important to consider and correct for, including the use
of different protocols in each study for tissue dissociation as described in Chapter

2, while avoiding data overcorrection.

3.1.2 Overview of epithelial and mesenchymal cell states identified previously

As summarised in Table 3.1, the identification and characterisation of endometrial
cells has been done to various levels of granularity. The first cellular map published
by Wang et al. in 2020 identified only 3 groups of epithelial cells (luminal, glandular,
ciliated) and 2 groups of mesenchymal cells (stromal fibroblasts and uterine smooth
muscle cells). As described in Chapter 2, the main analyses for cell type
identification were performed on a small subset of cells (~2,000 cells profiled using

the C1 Fluidigm platform) and the larger dataset (~70,000 cells profiled using the
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10x Chromium platform) was mainly used to validate the initial findings and was not

explored in detail. Below only the 10x data is reported and considered.

Table 3.1: Overview of endometrial cells analysed & identified in multiple datasets.

Publication
Wang Garcia-Alonso Tan
etal. etal. et al.
Cells ~70,000 (10x) ~47,000 (10x) ~44.000 (10x)
Donors 10 5 12
Epithelial ~37,000 cells ~3,000 cells ~14,000 cells
cell states™
Ciliated Ciliated Ciliated
Luminal Ciliated_LGR5 MUC5B+
Glandular Pre-ciliated Lumenal
SOX9+ proliferative Lumenal 1
SOX9+LGR5- Lumenal 2
SOX9+LGR5+ Glandular-proliferative
Lumenal 1 Glandular early-secret
Lumenal 2 Mid-secretory
Glandular TP63+KRT5+
Glandular-secretory
Mesenchymal ~17,000 cells ~29,000 cells ~13,000 cells
cell states*
Stromal fibroblasts eS eF1
uSMCs ds eF2
Fibroblast_C7 eF3
uSMCs ds1
PV_STEAP4 ds2
PV_MYH11 PV_STEAP4
PV_MYH11

Abbreviations: 10x, 10x Genomic Chromium Platform & kits; dS, decidualised stromal
cells; eF, endometrial fibroblasts; €S, endometrial stromal cells; PV, perivascular cells;
uSMC, uterine smooth muscle cells.

Superscripts:

" the total number of endometrial cells analysed as reported in the original manuscripts
and/or checking the numbers when downloading their data.
" the number of cells assigned as high QC cells belonging to either the epithelial or
mesenchymal cell lineage when integrated and analysed by me.
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The second map of the endometrium published by Garcia-Alonso et al. in 2021
identified 10 different epithelial and 6 mesenchymal cell states. Note, that the
numbers analysed in Table 3.1 seem small, because only newly generated data for
each study is presented. In the Garcia-Alonso et al. study, the authors also
integrated their data with the Wang et al. dataset and generated snucRNAseq data
for 4 further proliferative phase samples to confirm the identity of the cells described.
Subtypes of ciliated, glandular, lumenal and SOX9* cells were defined based on
their marker gene expression, location within the tissue and presence in different
phases of the menstrual cycle®%8.154, Of particular relevance is the identification of
two epithelial progenitors: SOX9*LGR5* cells located in the lumen, and
SOX9*LGRS5 cells located in the basalis layer of the endometrium, close to the
myometrium. Similarly, 2 subtypes of endometrial stromal cells, a new type of
fibroblast cells located in the basalis and two groups of perivascular cells were
identified (Table 3.1). In the Tan et al. cellular map of the endometrium in
endometriosis cases and controls, with donors predominantly taking hormonal
therapy, subtypes of lumenal and glandular cells were defined, as well as ciliated
and the newly discovered MUC5B" cells. Moreover, in the mesenchymal lineage, 3
types of endometrial fibroblasts, two types of decidualised stroma and the two types

of perivascular cells previously defined by Garcia-Alonso et al. were described.

Overall, it seems that when it comes to cell annotations, there is a consensus in
being able to detect lumenal/luminal (in this thesis | use the word luminal to describe
my data), glandular and ciliated cells across all of the datasets. It is less clear how
the finer annotations and subgroups of cells compare across the datasets. In the
mesenchymal lineage, there are discrepancies in nomenclature when likely the

same cell state is called either endometrial stromal cells (Garcia-Alonso et al.) or
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fibroblasts (Wang et al. and Tan et al.). Moreover, multiple subtypes of
stromal/fibroblasts and decidualised stromal cells were only reported in the Tan et
al. dataset. Taken together, it is clear that a harmonised map of these datasets using
the same cell state markers and nomenclature is currently lacking and needed to
understand the transcriptomic profiles of the endometrium in health, endometriosis
and under the influence of exogenous hormones. This chapter describes the
generation of such a map, combining the 3 datasets discussed with further data

generated as part of my DPhil project.

3.2 Aims

1. To integrate and assess the integration of previously published datasets of
the human endometrium with the data generated as part of my project.

2. To annotate the cell clusters identified and define a reference list of markers
of any newly discovered endometrial cell populations in the epithelial and
mesenchymal cell lineages.

3. Describe any trends observed in the data and generate hypotheses to test
when it comes to the cellular composition of the endometrium in health,

endometriosis and under exogenous hormones.
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3.3 Materials & Methods

3.3.1 Sample processing

In a Petri dish on ice, tissue originally collected in HypoThermosol®FRS solution
was covered in ice-cold RPMI 1640 Medium (RPMI) (ThermoFisher Scientific,
11875093) containing 10% (v/v) heat-inactivated foetal-bovine-serum (FBS)
(Sigma-Aldrich, F7524) (RPMI/FBS) and minced mechanically with scalpels (size
24). The sample was centrifuged (500 x g, 3 min), supernatant discarded and tissue
re-suspended in ice-cold CryoStor®cell cryopreservation medium (Sigma-Aldrich,
C2874). Samples were frozen in cryovials as per the manufacturer's instructions

using Corning® CoolCell® and stored at -80°C.

3.3.2 Sample digestion

Frozen samples were thawed at 37°C, quickly transferred to a 15 ml tube and
topped-up with 13 ml of ice cold RPMI/FBS. Samples were centrifuged (500 x g, 5
min, 4°C) and the supernatant discarded. The tissue was enzymatically digested on
a MACSMix rotator (set to 16 rpm speed) at 37°C in pre-warmed RPMI/FBS
containing Collagenase V (Sigma-Aldrich, C9263), and DNAse | (Roche,
11284932001) with final concentrations of 1 mg/ml and 0.1 mg/ml, respectively.
Digested tissue was centrifuged (500 x g, 5 min), resuspended in 10 ml of PBS and
passed through a 40 uym cell strainer (BD Biosciences, 352340), generating the
collagenase fraction, enriched in stromal and immune cells (Figure 3.1). The filter
was back-washed with PBS into a 50 ml tube and centrifuged (500 x g, 5 min).
Supernatant was discarded and any undigested tissue within the pellet was
incubated with 0.25% (v/v) trypsin-EDTA (Sigma-Aldrich, T3924) and DNAse | (0.1
mg/ml) at 37°C for 15 min on a MACSMix rotator. The digestion process was

45



stopped by adding RPMI/FBS and samples centrifuged (500 x g, 5 min). This step
yielded the trypsin fraction. The collagenase fraction was centrifuged (500 x g, 5
min) and resuspended in 2 ml of red-blood-cell (RBC) lysis buffer (eBioscience, 00-
4300) for 5-10 min at room temperature. After incubation, the samples were
centrifuged (500 x g, 5 min), the RBC buffer discarded and both fractions
(collagenase and trypsin) resuspended in 0.04% bovine serum albumin (BSA)
(Sigma-Aldrich, A9418) in PBS (v/v). The generated single-cell suspensions were

stored on ice until further processing.

Sample collection Sample mincing Two-step enzymatic sample digestion
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Figure 3.1: Schematic representation of sample processing and digestion for
scRNAseq. Upon sample collection, the sample was minced using scalpels and frozen.
The thawed cut-up sample was digested in two steps: 1) with collagenase V, yielding the
collagenase fraction upon filtering that was further treated with RBC lysis buffer and then
loaded as a separate 10x reaction, 2) undigested tissue retained on the filter was digested
with trypsin, yielding the trypsin fraction that is loaded as a separate 10x reaction.
Abbreviations: RBC, red blood cell.
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3.3.3 Single-cell RNA-sequencing

3.3.3.1 Cell counting & live/dead sorting

Cells were counted using a haemocytometer and trypan blue to determine their
viability prior to loading the Chromium Next GEM Chip G (10x Genomics, 1000120).
In the case of two samples (donor IDs: FX1125 and FX1176), cells from the
collagenase fraction were live/dead sorted prior to loading to enrich for live cells.
Sorting was carried out by Dr Helen Ferry at the Experimental Medicine Division
Flow Cytometry Facility, University of Oxford. The nuclear stain DAPI (4',6-
diamidino-2-phenylindole) was used to visualise and distinguish live/dead cells and

debris.

3.3.3.2 Cell loading and target recovery

Given the endometrium was digested in two steps, the collagenase and trypsin
fractions were loaded into two separate 10x reactions (see Figure 3.1). In the
majority of cases, two donor samples per 10x reaction were pooled, only mixing the
collagenase fractions with collagenase fractions and trypsin with trypsin. Cells were
loaded at volumes and concentrations required to achieve an equal target cell
recovery per donor. For the collagenase fraction this was at 8,000 - 10,000 viable
cells per donor, while for the trypsin fraction it was at 4,000 - 6,000 cells. After a
couple of initial trials, | found these cell numbers to be most suitable for loading

without clogging the 10x chip.

3.3.3.3 Multiplexing donors - TotalSeq™ antibodies

In order to demultiplex the pooled samples, in most cases we used the different
donors’ genotypic data to assign each cell to a specific donor (see 3.3.3 Data

analysis section for more details). When genotypic data was not available, prior to
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pooling, cells were labelled using the TotalSeq™-B antibodies from Biolegend (see
Table 3.2). The oligo-conjugated antibodies bind ubiquitously expressed cell
surface markers and so can label each cell with a unique oligo ‘barcode’ that will be
sample/donor specific. The first paper publishing the method describes the
technology in more detail'®®. Following the manufacturer’s protocol, 1-2 million cells
were resuspended in 50 ul Cell Staining Buffer (Biolegend, 420201) and incubated
for 10 minutes at 4°C with 5 pl of Human TruStain FcX™ blocking reagent
(Biolegend, 422302). The antibodies were centrifuged (14,000 x g, 10 min, 4°C)
before adding 1 pug of each antibody to the cell suspensions. After incubation (30
min, 4°C), 3.5 ml of the Cell Staining Buffer was added and samples centrifuged
(400 x g, 5 min, 4°C) to wash the cells. In total, cells were washed 3 times before
resuspending them in 0.04% (v/v) BSA/PBS and filtering through a 40 ym Flowmi®
cell strainer (Scienceware, BAH136800040). Cells were counted to determine their

concentration and viability prior to loading the 10x chip.

Table 3.2: TotalSeq™ antibodies used to label cells prior to pooling.

Antibody Lot number Product number
Hashtag 1 B309306 394631
Hashtag 2 B294183 394633
Hashtag 3 B294188 394635
Hashtag 4 B301069 394637
Hashtag 5 B296944 394639
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3.3.3.4 10x Genomics libraries and sequencing

The 10x Genomics v3 chemistry libraries (10x Genomics, CG000183) were
prepared as per the manufacturer's protocols by either Sanger Cellular Genetics or
Sanger pipelines. Libraries were sequenced to a minimum coverage of 20,000 raw
reads per cell on lllumina HiSeq 4000 and NovaSeq 6000 platforms, using the
sequencing formats: read 1: 28 cycles; i7 index: 8 cycles, i5 index: 0 cycles; read 2:

91 cycles.

3.3.3 Data analysis

The upstream bioinformatics analyses in this thesis (genotyping assignment, read
alignment, data integration, clustering and defining high QC cells and cell states)
were performed by Dr Luz Garcia-Alonso, Principal Bioinformatician in the Vento-
Tormo lab at the Wellcome Sanger Institute (WSI), with contributions from Dr Louis-
Frangois Handfield, Postdoctoral Researcher at the WSI. | participated in the
analyses through regular meetings and discussions with Dr Garcia-Alonso and Dr
Handfield, designing the analysis, interpreting the results and discussion of the next
steps. All figures shown were generated by me, using the finalised and processed

data objects.

3.3.3.1 Obtaining and re-analysing previously published datasets

FASTQ files for the previously published Wang et al. dataset (Gene Expression
Omnibus accession number GSE111976) and Garcia-Alonso et al. dataset
(ArrayExpress accession number E-MTAB-10287) were downloaded and re-aligned
using the same genome reference and CellRanger pipeline as described in section
3.3.3.2. For the Tan et al. dataset (Gene Expression Omnibus accession number

GSE179640), only the cell-by-gene count matrices generated by the authors using
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CellRanger v3.1.0 and reference genome GRCh38.p13 (GRCh38 10x Genomics
reference 3.0.0) were downloaded and used for analyses. From the Garcia-Alonso
et al. dataset, only scRNAseq data for the endometrium-enriched fraction of the two
samples from the organ donor programme were included in the analyses. For the
Tan et al. dataset, only scRNAseq data generated for eutopic endometrium was re-

analysed. All downstream analyses were performed as outlined below.

3.3.3.2 Data alignment, quantification and donor deconvolution

The raw sequencing data was aligned and quantified using the CellRanger v5.0.2
pipeline’™® to obtain gene expression matrices of raw counts for downstream
analyses. A reference genome to which reads were aligned was based on the 10x
Genomics’ GRCh38 1.2.0 release, constructed from Ensembl 84, with
gene_biotypes filtered to protein_coding, lincRNA, antisense and the various |G and
TR genes and pseudogenes. Reads were required to align within exonic regions to
be counted. Libraries in which cells from multiple donors were pooled together were
demultiplexed using Souporcell’®”, which assigns single cells into a number of
groups that correspond to the number of expected genotypes that share coherent
sets of Single Nucleotide Polymorphisms (SNPs) from transcriptomic reads. To
assign each cell to a specific donor, a custom script was used to (i) genotype the
barcodes using the aligned reads from the scRNAseq data and (ii) link the barcode
variants to the genotypic variant file produced by genotyping the different donors
using microarrays. The microarray genotypic data was generated previously as part
of the ENDOX and FENOX studies and that data was processed and provided by
Mr. Michat Krassowski. The correspondence of the genotypes was assessed by
comparing the genotypic variant files produced from single cells and microarrays

using the vcftools suite and selecting the assignment with the highest genotype
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similarity. In the case of libraries in which cells from multiple donors were first
labelled with TotalSeq™-B antibodies prior to pooling them, the deconvolution was

performed using Scanpy’s HashSolo%8.

3.3.3.3 Quality control filtering and doublet identification

All of the downstream analyses were performed using the standard Scanpy?’%®
pipeline and its in-built functions, with some modifications that are highlighted
throughout the text. To filter out non-viable cells, cells with < 1000 detected genes
and for which total mitochondrial gene expression exceeded 20% were removed.
Genes that were expressed in < 3 cells were also removed. The next step was to
identify and remove genes associated with cell stage progression, as they have high
expression and can impede proper cell type annotations further downstream.
Marker genes for G2/M and S phase of the cell cycle listed inside the Seurat
package'®® were excluded in a data-driven manner as described previously'®'. To
identify droplets containing more than one cell, two approaches were used. First,
doublets were identified by Souporcell, which calls doublets based on the presence
of a mixture of SNPs from different genotypes inside single droplets when multiple
samples are pooled. These doublets were discarded. The second approach
estimates a doublet score with Scrublet’®?, which quantifies the presence of mixed
transcriptomic signatures. These doublets were not excluded from the initial
analyses, but were instead used to flag clusters with high doublet scores that were

then removed.

3.3.3.4 Batch effect correction, data integration, dimensionality reduction

All data was analysed on a per sample basis prior to batch correction to evaluate

their quality. Then, data was integrated into one joint manifold using scV/'%3
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correcting for batch, genotype and library. The training was done on 32 latent
variables and 2 layers of neural networks to achieve satisfactory data integration.
These parameters were needed when integrating the scRNAseq dataset generated
as part of the Mareckova et al. study with the other previously published datasets.
The resulting latent variables were used for neighbour identification required for
Leiden clustering’® and Uniform Manifold Approximation and Projection (UMAP)
visualisation'®* from the Scanpy package. UMAP was used for dimensionality
reduction of the data followed by cell clustering with the Leiden algorithm. The
identified clusters were annotated as described below. Clusters with no distinctive
markers and that had overall lower numbers of genes expressed or higher
percentages of mitochondrial gene expression were flagged as low QC and
excluded from downstream analyses. In addition to the general analysis for the main
cell lineages, the epithelial and mesenchymal cells were subsequently re-analysed
and clustered as described above, and re-annotated using the strategy described

in the next section.

3.3.3.5 Annotation of single-cell data

|dentification, labelling and naming of the cell clusters identified was done by manual
inspection of marker genes and interpretation of these based on literature. To aid
the cluster annotation, the Garcia-Alonso et al. annotations were visualised onto the
main cell lineages UMAP and the UMAPs generated for the separately re-analysed
epithelial and mesenchymal cells. To identify marker genes specific to any given
cluster, we used the Term Frequency — Inverse Document Frequency (TF-IDF)
approach from the SoupX R package v.1.5.0'%%. TF-IDF had originally been used in
the field of text analysis, but has been gaining popularity in scRNAseq analyses,

allowing one to identify what the most specific genes for a given cluster are66.
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3.4 Results

3.4.1 Integration of the Garcia-Alonso, Mareckova, Wang and Tan datasets

In this chapter, | integrated the scRNAseq data generated for my study (n = 14) with
the previously published scRNAseq datasets (Garcia-Alonso, Wang and Tan) to
build a harmonised map of the human endometrium across the menstrual cycle.
Chapter 2 of this thesis details the specificities of each of these datasets while here
the focus is on assessing the integration of all the samples summarised in Table
3.3. Satisfactory integration of the data was achieved using scV/ (see section 3.3.3.4
for details) and the integrated UMAP of ~320,000 cells is shown in Figure 3.2A. The
aim was to integrate the datasets in a way that does not remove important biological
features of each of the datasets by collapsing everything together. It is clear from
Figure 3.2A that complete mixing of the cells from each dataset was not achieved,;
however, this can be explained by the inherent biological biases in each of the
datasets. For example, the Mareckova et al. dataset is mostly made of proliferative
phase samples, while the Wang et al. dataset is made of mostly secretory phase
samples and the Tan et al. dataset contains biopsies from most donors taking
hormonal therapy. Therefore, the integration shown here manages to capture all of
these biologically important differences but also captures commonalities across the

datasets.
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Table 3.3: Overview of the datasets and sets of samples integrated.

Dataset
Mareckova Garcia-Alonso Tan Wang
Control Endoms’ Control Control  Endoms’ Control
Donor # 5 9 5 3 9 10
Age’ 325+0.76 321+1.15 27.8+2.03 333+£59 358+19 18 - 34
Menstrual cycle group
Menstrual - - S - 1 -
Proliferative 3 5 2 1 - 2
Secretory 2 2 3 - - 8
Hormones - 2 - 2 8 -
Unknown - - - - - -
Endometriosis stage (rASRM)
i - 6 - - 1 .
nnv - 3 - - 8 -

Abbreviations: rASRM, revised American Society for Reproductive Medicine staging
system.

Superscripts:

" Endoms stands for Endometriosis.

" Age is reported as the mean + standard error of the mean.

3.4.1.1 Main cell lineage identified

Using previously described canonical markers®” % 6 major cell lineages were
identified: epithelial (EPCAM+), stromal (PDGRFA+), immune (PTPRCH+),
endothelial (CDH5+), perivascular (PV) (RGS5+), and uterine smooth muscle cells
(uUSMCs) (ACTG2+). Doublets and low QC cells were also identified and are
visualised in Figure 3.2B. Contribution of each donor to the cell clusters identified
was also assessed and highlighted a donor-specific cluster of uUSMCs and some PV
cells predominantly coming from donor A30 (Figure 3.2C). Given this particular

sample came from the organ-donor programme where both the full-thickness
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endometrium and myometrium were sampled, it is likely that the endometrium and

myometrium were not separated completely and thus the myometrial uSMCs and a

proportion of PV cells were detected in this donor sample only.

UMAP2

UMAP2

Dataset integration

Main cell lineages

@® Mareckova

@ Garcia-Alonso
Wang . 2 < 3
Tan ;

UMAP2

UMAP1

Donor contribution

UMAP1

Mareckova
FX9006
@ FX1119
® FX1125
® FX1146
@ FX1156
® FX1176
® FX1249
@ FX1254
® FX1259
® FX1285
FX1289
@ SE02
SEO3
® ES345

Tan
®Co1

® C02
@ C03
@ EO1

E02
@EO03
© EO4
® EO5

EO06
® E07
@ E08
® E09

Wang
® SAMN15049042
® SAMN15049043
SAMN15049044
@ SAMN15049045
® SAMN15049046
SAMN15049047
@ SAMN15049048
® SAMN15049049
@® SAMN15049050
® SAMN15049051

Garcia-Alonso
Al3
A30

®El

®E2
E3

Figure 3.2: Unified map of endometrial cells from multiple datasets. UMAP projections
of the four scRNAseq datasets integrated, coloured by the different datasets (A), main cell
lineages identified (B) and individual donor samples (C). Abbreviations: PV, perivascular;
QC, quality control; scRNAseq, single-cell RNA-sequencing; UMAP, uniform manifold
approximation and projection; uSMCs, uterine smooth muscle cells.

Next, | looked at more fine-grained annotations of the cell clusters, identifying
multiple subtypes for each of the main lineages. In this thesis, | only present the

sub-clustering of the epithelial cell lineage (section 3.4.1.2) as this is where |
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observed most differences between the datasets, prompting me to reassess the
inclusion of the Tan dataset when building a unified cellular map of the human

endometrium across the menstrual cycle.

3.4.1.2 Zooming-in on the epithelial cell lineage

Analysing the epithelial cell lineage on its own revealed multiple cell states within
this lineage shown in Figure 3.3. The cells can be broadly divided into 4 main
groups: those coming from the secretory phase of the cycle (secretory), cells from
the proliferative phase (proliferative), cells from donors on hormones (hormones)
and ciliated cells (ciliated). Furthermore, two small clusters of cells expressing
cervical markers (i.e. TP63, KRT5) termed cervix and cells previously described as
MUCS5B cells defined by the expression of MUC5B, TPP3 and SAA1% were also
identified. Doublets and low QC cells are also shown in Figure 3.3A. Using
previously defined markers® and label transfer, | could identify further subtypes of
the 4 main groups of cells and identified novel cell states, specifically the TENM2
and glandular_secretory_FGF7 states which are discussed in more detail in section
3.4.2.3. Here the focus is on describing the differences between the datasets
integrated. Figure 3.3B shows the contribution of each dataset to the various cell
states identified, showing that for example, the cervix and MUCSB cells

predominantly came from the Tan dataset.

Next, | focused on examining the cellular composition of each donor sample and
observed that the two samples from donors not on hormones from the Tan et al.
dataset did not show the same patterns of expression observed for samples not on
hormones in the Mareckova, Garcia-Alonso and Wang datasets (Figure 3.3C).

Based on the metadata provided, the two Tan dataset samples (E01 and C03) were
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assigned as being from the menstrual and proliferative phases, respectively.
However, cells from these donors predominantly clustered with cells from donors
on hormones and only to a small extent with cells characteristic of the proliferative
phase. This was in disagreement with the proliferative phase samples from the
Wang, Garcia-Alonso and Mareckova datasets that all had similar cellular profiles
(cellular profiles of representative proliferative phase samples from each dataset
are shown in Figure 3.3C). The Tan samples from donors not on hormones were
transcriptomically similar to those of a donor having a hormonal intrauterine device
(IUD) fitted from the Mareckova et al. dataset (Mareckova-Hormones-FX1249)
defined as the Hormones_II cell state and also to the Hormones | cell state

characteristic of the rest of the Tan samples from donors on hormones.

Based on the metadata provided by the authors, all of the Tan dataset donors on
hormones were taking similar hormonal therapy (oestrogen combined with
progestin), while the samples from the Mareckova dataset were on progestin only,
either taken orally (donor FX1254) or as the fitted IUD (donor FX1249). The different
hormonal regiments taken likely explain the observed heterogeneity within the
Hormones group of cells (cell states Hormones_I|, Hormones_|l and Hormones_II)
and require further investigation. However, it is not clear why the Tan dataset
samples from donors not on hormones also belonged to these cell states. Given
these discrepancies, for the purpose of this thesis, | decided to exclude the Tan et

al. dataset from further analyses.
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Figure 3.3: Endometrial epithelial cells. Shown are UMAP projections of the epithelial
cell lineage from the four scRNAseq datasets integrated, coloured by cell states identified
(A) and the different datasets (B). In (C) the distribution of the epithelial cell states is shown
on a sample basis. Representative samples from each dataset of donors with/without
hormonal therapy are shown. Two exemplary samples from the proliferative phase of the
menstrual cycle are shown for the Wang, Garcia-Alonso and Mareckova datasets. For the
Mareckova and Tan datasets, samples from donors on hormones are also shown.
Abbreviations: Prolif, proliferative; QC, quality control; scRNAseq, single-cell RNA-
sequencing; UMAP, uniform manifold approximation and projection.

3.4.2 Updated single-cell map of the human endometrium: integration of the

Mareckova, Garcia-Alonso and Wang datasets

3.4.2.1 Datasets’ QC metrics

This section focuses on assembling a single-cell map of the endometrium by
collating the Mareckova, Garcia-Alonso and Wang datasets. ~280,000 cells were
integrated prior to filtering (Mareckova: 124,238, Garcia-Alonso: 51,117, Wang:
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104,962). Overall, the QC metrics for these datasets were comparable: the number
of genes, mMRNA molecules and percentage of mitochondrial genes per cell showed
similar distribution with only a slightly higher frequency of doublets observed in the
Mareckova dataset (Figure 3.4). The cell annotation of the main lineages and more
fine-grained annotation of the epithelial and mesenchymal cells is described in the

next sections.
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Figure 3.4: Dataset quality control metrics plots. The violin plots in (A) show the data
distribution for number of genes, number of mRNA molecules and percentage of
mitochondrial gene expression on a per cell basis for each of the three datasets. (B) shows
the distribution of doublets for each dataset, with a UMAP projection of the Scrublet score
used to identify and visualise doublets in the data. Abbreviations: UMAP, uniform manifold
approximation and projection.
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3.4.2.2 Main cell lineages

The main cell lineages identified included epithelial, stromal, immune, endothelial,
PV and uSMCs - visualised in Figure 3.5A together with doublets and low QC cells.
The integration of the 3 datasets preserved their biological differences while
capturing their similarities (Figure 3.5B) such as the differences in cells’
transcriptomic profiles dependent on the phase of the menstrual cycle and hormonal
therapy taken (Figure 3.5C). No menstrual phase samples were analysed, only
samples from the proliferative and secretory phases and two samples from donors
on hormones. These included taking progestins either orally
(Hormones_Desogestrel) or as the fitted IlUD (Hormones_Mirena coil) and cells

from these donors clustered separately (Figure 3.5C).
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Figure 3.5: UMAP visualisation of the main cell lineages. Shown are UMAP projections
of the three scRNAseq datasets integrated, coloured by main cell lineages identified (A),
the different datasets (B), and menstrual cycle phase and hormonal therapy taken (C).
Abbreviations: PV, perivascular; QC, quality control; scRNAseq, single-cell RNA-
sequencing; UMAP, uniform manifold approximation and projection; uSMCs, uterine
smooth muscle cells.
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The proportion of cells coming from each dataset is shown in Figure 3.6A and
highlights that the uSMCs came from the Garcia-Alonso dataset only where two
samples from the organ donor programme were included as described in earlier
sections. Otherwise, all datasets contributed cells to each of the main cell lineages
identified and the 3 main/canonical marker genes for each of the lineages used to

confirm their identity are presented in Figure 3.6B.
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Figure 3.6: Main cell lineages - dataset contribution and marker gene expression.
The contribution of each of the three datasets (Mareckova, Garcia-Alonso and Wang) to
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perivascular; QC, quality control; uSMCs, uterine smooth muscle cells.
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Having integrated the datasets and identified the main lineages successfully, the
focus of this thesis was to annotate and characterise the epithelial and
mesenchymal cell lineages in more detail (see the next sections). Detailed
annotation of these two lineages was necessary for defining and understanding the
cellular composition of the in vitro endometrial models that | generated as part of
my DPhil studies. These included epithelial cell organoids and co-cultures of the
epithelial organoids with stromal cells. Chapter 5 discusses the utility of the
comprehensive cell annotation in understanding which endometrial cell states are

present in vivo and which in vitro.

3.4.2.3 The epithelial cell lineage

The final UMAP for the epithelial cell lineage after removing low QC cells and
doublets is shown in Figure 3.7A. Contribution of each dataset, menstrual cycle
phase and donor to each cell state is visualised in Figure 3.7B-D. Overall, | defined
15 different cell states within the epithelial cell lineage using a combination of
clustering analyses, label transfer of previously published cell state markers and
manual inspection of TF-IDF results for cluster-specific marker gene expression. As
described for the initial integration with the Tan et al. dataset, the cell states can be
grouped into 4 main groups - ciliated, proliferative, secretory and hormones - and
two smaller clusters of MUC5B and cervix cell states (Figure 3.7A). Cell
contamination from the cervix is not surprising given the sampling device has to
pass through the cervix to obtain a biopsy of the endometrium. Most of the 128
cervical cells detected came from two donors: E3 (Garcia-Alonso dataset) and
SAMN15049044 (Wang dataset). Similarly, with regards to the MUC5B population
(total of 270 cells), these cells were detected in a few samples but in very small

numbers (< 5 cells per donor). The majority of MUC5B cells came from two donors:
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SAMN15049044 (Wang dataset) and E3 (Garcia-Alonso dataset) contributing 132

and 100 cells, respectively.

The ciliated group

Three ciliated cell states were defined as described previously®®, expressing the
following genes: ciliated (DNAH11, PIFO, OMG), pre-ciliated (CCNO, NEK2,
CDC20B), ciliated_ LGR5 (LEFTY1, LGR5, PTGS1) as shown in Figure 3.7E.
Taking into account the phase of the menstrual cycle, during the proliferative phase,
the pre-ciliated state is most abundant while the ciliated and ciliated_LGRS5 states
are characteristic of the secretory phase (Figure 3.8). The data also suggests that
taking hormonal therapy reduces the number of all ciliated cell states, but requires
further validation as only two samples from donors on hormones were analysed

(Figure 3.8).

The proliferative group

Within the proliferative group of cells, | defined two cell states, specifically the
proliferative (prolif) and prolif LGRS5 cell states. The prolif cell state expresses IHH
and GREM?2 while prolif LGR5 expresses LGRS and WINT7A. The prolif cell state
is highly abundant during the proliferative phase, and its numbers decrease for
samples in early secretory phase (Figure 3.8). The prolif LGRS cells also appear
abundant up until the early secretory phase when their numbers start to decline with
both the prolif and prolif LGRS cells being absent from mid-secretory phase

onwards (Figure 3.8B).
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Figure 3.7: Epithelial cell states identified. Shown are UMAP projections of the three
scRNAseq datasets integrated, coloured by epithelial cell states identified (A), the different
datasets (B), menstrual cycle phase and hormonal therapy taken (C) and individual donor
samples (D). The dotplot in (E) shows the variance-scaled, log-transformed expression of
3 marker genes (x-axis) characteristic for each of the cell states (y-axis). Expression of
steroid hormones per cell lineage is also shown. Abbreviations: Prolif, proliferative;
scRNAseq, single-cell RNA-sequencing; UMAP, uniform manifold approximation and

projection.

64



The secretory group

Five cell states were defined in the secretory group, including two novel cell states.
The glandular, glandular_secretory and luminal populations have been described
previously®®. | observed that the early to mid-secretory phase samples seemed to
be enriched in the luminal population, expressing markers such as CRISPS3,
LEFTY1 and PTGS1. The top markers identified as cluster-specific for the luminal
cell state showed high expression in this group of cells, but | also noted a similar
expression pattern at much lower levels in the ciliated_LGRS5 cell state suggesting
these cell states may be related. The two novel cell states identified and their 3 top
marker genes were: TENM2  (TENM2, OPRK1, SUFU) and
glandular_secretory FGF7 (FGF7, AIF1L, LYPLAL1). While some TENM2 cells
could be observed in the proliferative phase samples, most cells came from early to
early/mid secretory phase samples (Figure 3.8). Out of the top 30 marker genes
identified by TF-IDF, 8 were previously reported as differentially expressed in the
receptive endometrium (Appendix 2). The glandular_secretory FGF7 cells were
confined to late secretory phase samples from two donors - one from the Garcia-
Alonso dataset (E1) and one from the Wang dataset (SAMN15049045) as
highlighted in Figure 3.8B. Moreover, this cell state lacked the expression of steroid
hormone receptors when compared to the rest of the epithelial cell states (Figure

3.7E).
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Figure 3.8: Epithelial cell states distribution across the menstrual cycle and donors.
The contribution of cell from each of the menstrual cycle groups (Hormones_Desogestrel,
Hormones_Mirena coil, Proliferative or Secretory) to the cell lineages on the y-axis is
expressed as the percentage of all cells assigned to that lineage (A). In (B) the distribution
of the epithelial cell states is shown on a sample basis. Each sample name contains the
dataset it came from (GA for Garcia-Alonso, M for Mareckova and W for Wang), followed
by menstrual cycle phase, information about being either a control or endometriosis case,
indication of samples coming from whole uterus biopsies (OrganDonor) and the donor ID.
Abbreviations: Ctrl, control; Endo, endometriosis; H, hormones; Prolif, proliferative; Secret,
secretory.
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The hormones group

Cell states in the hormones group were divided into 3 types: hormones_LGR5 and
hormones_WNT7A cell states from a donor on progestins in the form of the Mirena
coil, and hormones_inflammatory from a donor taking the progestin pill Desogestrel
orally (Figure 3.8). All showed a unique expression of markers with three such
markers per cell state plotted in Figure 3.7E. Since only one sample per each
hormonal regiment was analysed, | cannot rule out these cell states are donor-
specific and will therefore need to validate and re-assess the transcriptomic

signatures of cells from donors on hormones in a larger set of samples.

Low QC samples

An important point to note is that not all samples followed the general trend of cell
state distribution for the menstrual cycle phase they were assigned to. Specifically,
there were samples that overall had many low QC cells and thus in some cases
only < 100 epithelial cells remained for analyses. These included donors SE02,
SE03, FX1146, FX1285 and FX1289 from the Mareckova dataset. The value of
having and keeping these samples for follow-up downstream analyses needs to be

further investigated.

Cellular heterogeneity in donors with and without endometriosis

Next, | explored and compared the cellular composition of donors with and without
endometriosis. Given the lower number of donors with endometriosis in my
integrated map as compared to controls and the bias of the controls being mostly
from the secretory phase of the cycle, here, | describe only the patterns observed

that need additional validation. Overall, the cellular composition of the endometrium
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during the proliferative phase did not seem to differ between controls and cases
(Figure 3.9). However, it can be noted that there is a higher percentage of ciliated
and glandular cell states in healthy controls, while the TENM2 population is reduced.
There appear to be more distinct changes in the secretory phase, where in
endometriosis cases the ciliated_LGRS5, luminal and glandular_secretory FGF7 cell
states are almost absent. However, this is most likely due to the lack of samples in
the endometriosis cohort from the early/mid secretory and late secretory phases, in
which these cells were defined. Dividing the menstrual cycle into proliferative and
secretory phases only is not sufficient for capturing such changes. However, this
was done to be able to group a larger number of samples per menstrual phase
group for both cases and controls when comparing between them. The number of
samples would be insufficient if split based on the more fine-grained annotation of

the menstrual cycle and requires a larger dataset.
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Figure 3.9: Epithelial cell state distribution in endometriosis. The cell state composition
of samples from either endometriosis cases or controls without endometriosis is shown both
for samples from the proliferative and secretory phases. Only superficial biopsies of the
endometrium were considered - the 2 donor samples obtained as part of the organ donor
programme are not shown. Abbreviations: Ctrl, control; Endo, endometriosis; Prolif,
proliferative; Secret, secretory.
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3.4.2.4 The mesenchymal cell lineage

The final UMAP for the mesenchymal cell lineage after removing low QC cells,
doublets and uSMCs is shown in Figure 3.10A. Contribution of each dataset,
menstrual cycle phase and donor to each cell state is visualised in Figure 3.10B-D.
Overall, | identified 15 different cell states that can be grouped into 5 main groups:
fibroblasts, perivascular, stromal non-decidualised, stromal intermediate and

stromal decidualised cells.

The fibroblasts group

Within the fibroblasts group, the previously described fibroblast C7 (Fib_C7)% was
detected in samples from the organ donor programme in the Garcia-Alonso dataset
(Figure 3.10B). In the original publication, Fib_C7 was found at the endometrial-
myometrial junction, thus the superficial biopsies used in this thesis likely fail to

sample this region and capture the Fib_C7 cell state.

The perivascular group

In the perivascular group, | identified 4 cell states. Previously, PV cells specific to
the myometrium (PV_MYH11) and those specific to the endometrium
(PV_STEAP4) were described® and | also detected them here. To distinguish
their myometrial (m) and endometrial (e) origin, | call them mPV_MYH11 and
ePV_STEAPA4 cells in this thesis. The mPV_MYH11 state came from samples from
the organ donor programme where parts of the myometrium were also sampled.
Interestingly, | identified two novel endometrial PV cell states that | called
ePV_MMP11 and ePV_AOC3. The marker genes for ePV_MMP11 were MMP11,

CYGB, and PAG1 as shown in Figure 3.10E.
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Figure 3.10: Mesenchymal cell states identified. Shown are UMAP projections of the
three scRNAseq datasets integrated, coloured by mesenchymal cell states identified (A),
the different datasets (B), menstrual cycle phase and hormonal therapy taken (C) and
individual donor samples (D). The dotplot in (E) shows the variance-scaled, log-transformed
expression of 3 marker genes (x-axis) characteristic for each of the cell states (y-axis).
Expression of steroid hormone receptors, general PV and stromal markers per cell lineage
is also shown. Abbreviations: dS, decidualised stromal cells; ePV, endometrial perivascular
cells; €S, endometrial stromal cells; Fib, fibroblast; MMPs, matrix metalloproteinases; mPV,
myometrial perivascular cells; PV, perivascular cells; scRNAseq, single-cell RNA-
sequencing; UMAP, uniform manifold approximation and projection.
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The marker genes of the ePV_MMP11 cells state were also lowly expressed in cells
from the stromal non-decidualised group. This suggests that there may be a
relationship between the ePV_MMP11 cells and the proliferative phase endometrial
stromal cells. Perivascular cells have been proposed to be involved in endometrial
regeneration’®”-169 thus these cells should be studied further. Nonetheless, the
ePV_MMP11 cells specifically expressed PV markers (e.g. RGS5) and not stromal
cell markers (e.g. PDGFRA). This extrapolates also to the second novel cell state,
ePV_AOC3 with cells characterised by the expression of AOC3, MCAM, and
MYOMZ2. MCAM (also known as CD146) was previously used as a marker of
endometrial mesenchymal stem cells in combination with PDGFRB expression'®’.
MCAM was expressed across all perivascular cells, but ePV_AOC3 showed the
highest expression of this marker. Expression of putative stem cell markers, such

as PDGFRB, SUSD2, THY1 across the PV cells is shown in Appendix 3.

Stromal cells: the intermediate group

Shifting to the stromal cells, my analyses revealed substantial heterogeneity within
this group of cells. Apart from the non-decidualised (eS) and decidualised groups
(dS) described previously®”%8, | also identified a novel cell state sitting in between
these two extremes and termed it the intermediate cell state. The 3 most specific
markers for this cell state were CILP, CALB2, and PCSK6 as shown in Figure 3.10E.
It appeared that the intermediate state is to a small extent present during the
proliferative phase already (Figure 3.11) with cell numbers increasing during early
to early/mid secretory phase (i.e. around the time of window of implantation),
followed by a decrease in their numbers in the late secretory phase of the cycle.

Stromal cells: the non-decidualised group
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| noted cellular heterogeneity both within the non-decidualised and decidualised
groups. In the non-decidualised group, the previously described endometrial
stromal (eS) cells®® and their cycling version undergoing mitosis (eS_cycling), were
identified. Accordingly, these cells were found present in large numbers during the
proliferative phase of the menstrual cycle (Figure 3.11). Furthermore, a small
cluster of cells uniquely expressing BMP7, CCN5 and CADPS was also identified
and termed eS_BMP7. Multiple donors contributed to this cluster; however, most of
the cells came from one donor (E3) from the Garcia-Alonso dataset (Figure 3.11B).
Given a similar cell state was described previously'’® for a limited number of
samples (n = 3) from the proliferative phase, this cell state requires further
investigation. The final cell state within the non-decidualised group is the
hormones_eS_MMPs cell state expressing a set of matrix metalloproteinases
(MMPs), such as MMP1, MMP3, and MMP10 (Figure 3.10E). Cells from donors on
hormones contributed to this cell state, indicating that the high MMP expression is
likely a transcriptomics signature induced by the presence of the IUD Mirena coil

(Figure 3.11).

Stromal cells: the decidualised group

Within the decidualised group, in correspondence with the previously defined
decidualised stromal cells (dS), | also detected this dS cell population that is
characteristic of the secretory phase of the cycle (Figure 3.11). Two markers
uniquely expressed by dS cells were CXCL13 and GABRAZ2. Other novel cell states
identified included the dS_BACH2 population with expression of BACH2, BMPZ2 and
EGR3 defining this group of cells present in multiple donors during the secretory

phase. However, a large number of these cells were contributed by only one donor
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- SAMN15049051 from the Wang dataset (Figure 3.11B). Similarly, the cell state
termed dS_basal was largely made of cells from one donor in the Garcia-Alonso
dataset where the whole uterus was collected. The name dS_basal therefore
represents the hypothesised location of this cell state - the basalis layer unlikely to
be sampled when taking superficial biopsies. However, given the cell state was
present in small numbers in other donors as well, | decided to explore its existence
and marker gene expression (OOEP, TCEAL7) further in the next chapter.
Hormones_dS is the last cell state identified in my unified map of the mesenchymal
cell lineage. Cells in this cluster were exclusively found in the one donor taking
progestin (pill name Desogestrel) orally. The transcriptomic signature of this cell
state included the expression of genes such as SIGLEC7, SCARAS and PRL

(Figure 3.11).

Cellular heterogeneity in donors with and without endometriosis

Next, | wanted to explore the presence of different cell states in the endometrium of
women with and without endometriosis and understand if there are any differences
between these groups. Similarly to what was described above for the epithelial cells
states, | only considered the data from superficial biopsies and split it into
proliferative and secretory phases only, not the finer annotation of the menstrual
cycle as this was not always available and the sample size was not large enough
for such detailed comparisons. The cell state distribution is shown in Figure 3.12
and suggests that during the proliferative phase the cell distribution is comparable
between controls and cases with only the eS_BMP7 cell state detected at a larger

scale in controls.
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Figure 3.11: Mesenchymal cell state distribution across the menstrual cycle and
donors. The contribution of cells from each of the menstrual cycle groups
(Hormones_Desogestrel, Hormones_Mirena coil, Proliferative or Secretory) to the cell
lineages on the y-axis is expressed as the percentage of all cells assigned to that lineage
(A). In (B) the distribution of the mesenchymal cell states is shown on a sample basis. Each
sample name contains the dataset it came from (GA for Garcia-Alonso, M for Mareckova
and W for Wang), followed by menstrual cycle phase, information about being either a
control or endometriosis case, indication of samples coming from whole uterus biopsies
(OrganDonor) and the donor ID. Abbreviations: Ctrl, control; dS, decidualised stromal cells;
ePV, endometrial perivascular cells; €S, endometrial stromal cells; Endo, endometriosis;
Fib, fibroblast; H, hormones; MMPs, matrix metalloproteinases; mPV, myometrial
perivascular cells; Prolif, proliferative; Secret, secretory.

74



During the secretory phase, in endometriosis cases the proportion of the eS cell
state was larger and proportion of dS cells smaller when compared to controls. This
could suggest reduced decidualisation of the stromal cells in endometriosis cases,
but could also be explained by the lack of samples from later secretory phase stages
in this group. Nevertheless, the cellular composition of the endometrium in both
health and endometriosis needs to be studied in a larger cohort of samples. It will
also be of interest to confirm whether the insertion of the IUD Mirena coil leads to
more of a proliferative phase phenotype with the hormones_eS_MMPs signature
being dominant (Figure 3.12), while taking Desogestrel orally induces more of a

decidualised phenotype with both dS and hormones_dS cells present at larger

proportions.
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Figure 3.12: Mesenchymal cell state distribution in endometriosis and under
hormonal therapy. The cell state composition of samples from either endometriosis cases
(Endo) or controls without endometriosis (Ctrl) is shown both for samples from the
proliferative and secretory phases. Cellular composition of samples from donors on
hormones is also shown. Only superficial biopsies of the endometrium are included in these
plots. Abbreviations: Ctrl, control; dS, decidualised stromal cells; ePV, endometrial
perivascular cells; eS, endometrial stromal cells; Endo, endometriosis; Fib, fibroblast;
MMPs, matrix metalloproteinases; mPV, myometrial perivascular cells.
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3.5 Discussion

In summary, in this chapter | aimed to generate a harmonised map of endometrial
cell states across the menstrual cycle and under the influence of exogenous
hormones using 3 previously published datasets and my own data. In the end, | had
to exclude the Tan dataset from further analyses as its control samples did not
match the patterns of expression observed across the controls of the other datasets.
Annotating the integrated map built using my own data and the Garcia-Alonso and
Wang datasets led to the identification of multiple novel cell states in the epithelial
and mesenchymal cell lineages, suggesting that larger cohort sizes are needed to
dissect the heterogeneity of endometrial cells. Distribution of the cell states
identified was examined in the context of the endometrium from women with and
without endometriosis. Moreover, | also described the transcriptomic signatures
associated with taking two different types of hormonal therapy. The findings are

discussed in more detail below.

3.5.1 Exclusion of the Tan dataset

The Tan dataset was excluded from the harmonised map as the samples from
donors not taking hormonal therapy exhibited transcriptomic signatures similar to
those from donors on hormones in the Mareckova dataset. Multiple factors could be
responsible for the discrepancies observed. Firstly, as described in Chapter 2, the
Tan dataset samples were digested into single cells at 6°C using a protease and
DNAse | solution, which was different to the digestion with collagenases used in the
other studies. The digestion protocols and enzymes used can have a large impact
on the transcriptomic profiles of the obtained cells, as shown for example for the gut

mucosa'’!. It is therefore plausible that these different protocols could have
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introduced strong artefacts in the data, separating the cells in the clustering
analyses and needs to be investigated. To understand the differences in gene
expression and cell type composition between the different digestion protocols
used, in the future, samples should be digested using both protocols in parallel and
compared. Secondly, the observed discrepancies could also be the result of the
data not being aligned to the same reference genome. Due to time constraints, the
Tan dataset could not be re-aligned to the same reference as used for the
Mareckova, Garcia-Alonso and Wang datasets. | am therefore currently waiting for
the re-alignment of the Tan data to match the rest of the datasets and will be
repeating the integration and analyses to explore the genome reference as a

potential source of the discrepancies observed.

3.5.2 Novel epithelial cell states

When it comes to the integrated map of the epithelial cells, | identified many cell
states that have been described previously by Garcia-Alonso et al. but also two
novel cell states: the TENM2 and glandular_secretory FGF7 populations. The
TENM2 cell state was observed to peak in its numbers at around the time of the
window of implantation, suggesting that this cell population may play a role in
endometrial receptivity. Indeed, the TENM2 cells highly and uniquely express the
Opioid Receptor Kappa 1 (OPRK1) gene and 7 other genes listed in Appendix 2
which have been found to be differentially expressed in the endometrium during the
receptive phase'’2173, Furthermore, the other marker genes reported in this thesis
included Teneurin Transmembrane Protein 2 (TENM2) and Suppressor of fusing
(SUFU). TENM2 has been described mostly in the context of neural development,
playing an important role in calcium-mediated signalling and enabling cell-cell

adhesion'"4175 While SUFU is a negative regulator of hedgehog and beta-catenin
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signalling’®'77, In the context of the endometrium, specifically endometrial
receptivity, neither TENM2 nor SUFU have been studied in detail. However, given
inhibition of WNT/beta-catenin signalling is needed for stopping the oestrogen
induced proliferation and inducing cell differentiation needed for embryo
implantation'’817° one can speculate that increased SUFU expression in these cells
could play a role in promoting such differentiation by negatively regulating beta-
catenin signalling. Upregulation of SUFU expression has been found to suppress
the growth of endometrial cancer cells in vitro and in vivo'®, further supporting the

role of SUFU expression in inhibiting endometrial cell proliferation.

With regards to the glandular_secretory FGF7 cell state, the markers identified
fibroblast growth factor 7 (FGF7), Allograft Inflammatory Factor 1 Like (AIF1L) and
Lysophospholipase like 1 (LYPLAL1) have been studied to very little, if any, extent
in the human endometrium. FGF7 is thought to be expressed by mesenchymal and
not epithelial cells, but has been shown to be expressed in the luminal epithelial
cells of porcine endometrium'®!. Moreover, studies of mouse and rat homologs of
FGF7 have suggested that it has a role in the morphogenesis of epithelium, re-
epithelialisation of wounds and acts as a strong chemoattractant'8?'83, Whether
FGF7 could have such a role in the human endometrium is to be determined, but
given its expression is most prominent during the late secretory phase, one can
hypothesise that indeed these cells could play a role in the re-epithelisation of the

endometrium, which would be required at the onset of menstruation.

Lastly, in my re-analysis of the data, | observed a small number of cervical cells and

MUCS5B cells coming from the Garcia-Alonso and Wang datasets that the authors

78



did not describe in their publications. Likely, this was due to the low numbers
detected and contribution from only a couple of donors, prompting the authors to
disregard these cells as donor-specific clusters. The cervical cells were likely
discarded as contamination. The MUCS5B population was only described in detail by
Tan et al., identifying this cell population as a likely progenitor cell type involved in
endometrial regeneration. There are multiple reasons for why the MUCS5B
population might have been enriched in the Tan dataset, including the use of the
different digestion protocol as mentioned above. The cold digestion protocol could
have enriched for this particular cell population. Moreover, the actual sampling of
the endometrium might have differed between clinics and/or clinicians, and thus
might have led to enrichment for slightly different regions of the endometrium in the
different datasets. Another reason could also be the use of exogenous hormones
that alter the properties of the endometrium, making it possible to sample these cells
more efficiently or even increasing their numbers. This cell population requires
further investigation, including its exact location within the endometrium and
understanding the conditions that favour its survival and extraction for scRNAseq

analyses to be able to draw any conclusions about this cell state.

3.5.3 Novel mesenchymal cell states

The identified stromal cells in the mesenchymal cell lineage consisted of cells
previously described (eS, dS, eS_cycling)® and eS_BMP?7 cells characteristic of
the proliferative phase and dS_BACH2 and dS_basal states from the secretory
phase. Each of these cell populations was relatively low in the numbers detected
and the number of donors these cells were found in. Therefore, it cannot be
excluded that some of these cell states may be donor-specific. Nonetheless, |

defined their marker genes and will explore their existence in a larger set of samples
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in Chapter 4. The eS_BMP7 cell state expressed a set of genes previously
described for a subpopulation of proliferative phase endometrial stromal cells
termed BMP7+'°, These BMP7+ cells were suggested to be involved in
myofibroblast differentiation, epithelial mesenchymal transition (EMT) and TGF{1-
WNT signalling'”°, which is in line with the marker gene expression, such as Bone
Morphogenetic Protein 7 (BMP7), Cellular Communication Network Factor 5
(CCN5) and Calcium Dependent Secretion Activator (CADPS) reported in this
thesis. It is likely these cells are important for the remodelling and tissue repair that
occurs during the proliferative phase after menstruation. Given the previous
publication looked at endometrial biopsies from day 7 since the onset of menstrual
bleeding, it may be that these cells are detected only in the early proliferative phase

and thus were not detected in many samples presented here.

With regards to the new intermediate cell state, its increase in numbers during the
early to early/mid secretory phase and expression of proprotein convertase 6
(PCSK®6), both hint at its role during the window of implantation and stromal cell
decidualisation. Previous studies in mice showed that blocking PCSK6 expression
led to complete inhibition of implantation and pregnancy'8* and PCSK6 expression
was shown to be important in mouse stromal cell decidualisation'®. In humans,
however, at the protein level, using immunohistochemical analyses, high expression
of PCSK6 was reported in stromal cells during the late secretory phase, while the
early secretory phase was characterised by high PCSK6 expression in the epithelial
and not stromal cells'®. In vitro analyses of human endometrial stromal cells
showed that in order for PCSK6 expression to increase, the cells needed to be

stimulated with both oestrogen and progesterone and without PCSK6, the stromal
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cells would not become decidualised'®®. Taken together, it is therefore likely that the
intermediate cell state identified in this thesis marks the transition from proliferative
phase stromal cells to their decidualised counterparts. It would now be of interest to
understand where these cells are located within the tissue and what factors trigger

their transition and transcriptomic phenotype.

My analyses of the perivascular cells revealed a much more heterogeneous
population of these cells than described previously. Apart from the already known
ePV_STEAP4 and mPV_MYH11 cell states, | also identified two cell states that |
called ePV_MMP11 and ePV_AOC3 and hypothesised that these cells may be
involved in the regeneration of the stromal cells based on the marker gene
expression gradient. Perivascular cells have long been suggested to play a role in
the monthly regeneration of the endometrium, with MCAM (known as CD146) in
combination with PDGFRB expression proposed as putative mesenchymal stem
cell markers'®”. ePV_AOC3 expressed MCAM at the highest level out of all the PV
cells identified and ePV_MMP11 had the highest expression of PDGFRB. With
regards to other putative stem cell markers, SUSDZ2 and THY1, SUSDZ2 was mainly
detected in the ePV_AOC3 cell state while THY7 was more highly expressed in
ePV_MMP1 cells. Taken together, it seems likely that these cells are indeed the
putative progenitor cells described previously to have stem cell like properties, but
their existence and exact location need to be validated. Furthermore, their potential
to differentiate into stromal cells also needs to be tested. Lastly, based on marker
gene expression, including high expression of MMP11, the ePV_MMP11 cell state
is transcriptomically similar to the previously described PV2 cells in the pregnant

decidua localised to the smooth muscle media of spiral arteries'®”. ePV_MMP1 and
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ePV_AOC3 populations were likely not defined in the previous endometrial
datasets, including the pregnant decidua, as not enough cells were analysed to
achieve the resolution needed to distinguish these cell states from the rest of the
PV cells. These cell populations now require further investigation in the non-

pregnant endometrium.

3.5.4 Endometrial cells in endometriosis and controls

When it comes to comparing the cellular composition of endometrial biopsies
between endometriosis cases and controls, no significant changes were observed
in the epithelial and mesenchymal cell lineages in the proliferative phase. Looking
at the secretory phase samples could suggest a reduction in the decidualisation
response in endometriosis cases. This would be in line with previously published
work on progesterone resistance in the endometrium of women with
endometriosis'®18° reporting incomplete transition of the endometrium from the
proliferative to secretory phase, with cell exhibiting enhanced survival and lack of
progesterone-induced differentiation. However, the differences observed in this
chapter could also be attributed to the uneven distribution of samples across the
secretory phase when it comes to cases and controls. Twelve samples from women
without endometriosis came from the secretory phase while only two samples from
endometriosis cases were from the secretory phase. It was clear that the cellular
composition of the endometrium varied greatly across the menstrual cycle with large
differences observed within the proliferative and secretory phases themselves.
Thus ideally, both the proliferative and secretory phases should be split into further
subgroups of early and late proliferative phase and early, mid and late secretory
phase to account for these differences. However, such assignment based on

histology can be challenging and in this case was not available for all samples.
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Moreover, a limited number of samples was analysed, making it impossible to have
enough samples for both cases and controls in all the different menstrual cycle
phase subgroups. A larger cohort of samples across all of these subgroups is
needed to understand when and if the endometrium of endometriosis cases exhibits

a dysregulated response to either oestrogen or progesterone.

3.5.5 Endometrial cells under the influence of exogenous hormones

According to a 2019 United Nation’s study, globally 407 million women in their
reproductive years rely on taking exogenous hormones as a means to prevent
unwanted pregnancy'®. Moreover, many women take hormonal contraception for
other reasons, including as a treatment option for various reproductive pathologies,
such as heavy menstrual bleeding, endometriosis, fibroids, etc. Even with such a
large number of women taking exogenous hormones world-wide, understanding
how these hormones influence the transcriptomic profiles of endometrial cells is
limited. Many different forms and types of exogenous hormones at various doses
can be taken, which makes studying these effects challenging. For example, one
microarray study looked at the effect of three different contraceptive methods on the
endometrial transcriptome and revealed that the progestin-releasing IUD they
studied caused significant alterations in genes regulating immune and inflammatory
pathways'®'. Here, after the exclusion of the Tan dataset, | could only describe the
transcriptomic profiles of endometrial samples from two donors taking progestins in
two different forms: one as an IUD (brand name Mirena coil) and the other as an
oral pill (brand name Desogestrel). My data showed that the progestin-releasing
IUD caused more of a ‘proliferative’ phase phenotype, not an inflammatory one as
described in the microarray study. The epithelial cells expressed WNT7A and LGRS,

both observed in the proliferative phase endometrium and the mesenchymal cells
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also clustered closely with the eS cells characteristic of the proliferative phase, and
uniquely expressed a set of MMPs. On the other hand, taking Desogestrel orally
induced more of an inflammatory response in the epithelial cells and
decidualised/secretory phenotype in the mesenchymal cell lineage. Given the small
number of samples studied, these findings require further validation in a larger set

of samples before drawing any definitive conclusions.

3.5.6 A summary of future directions

In this chapter, | presented new hypotheses and speculations about the role and
existence of the cell states identified. All of these so far descriptive and exploratory
findings need to be validated. To do so, | have designed small molecule fluorescent
in situ hybridization (smFISH) panels of markers for each of the new cell states
identified and will stain endometrial tissue sections for these. Visualising the panels
of markers will help quantify the presence of these populations in the tissue and
where they are located in situ. Uncovering the spatiotemporal dynamics of the newly
defined cell states will be of crucial importance to better understand the changes
the endometrium undergoes throughout the menstrual cycle. Moreover, here | have
only presented the more granular annotations of the epithelial and mesenchymal
cell lineages. The next steps will include looking at annotating the immune and
endothelial cells in more detail and comparing the immune cell profiles of the
endometrium in health and endometriosis. The immune cell compartment has been
reported to be altered in endometriosis'#%146 and thus warrants further exploration.
Furthermore, trajectory analyses (using Velocyto) as well as cell-cell communication
analyses (using CellPhone DB) will be performed to describe the likely relationships
between the cell states identified and the cellular interactions that may lead to the

phenotypes observed and reveal the likely functional roles of these cells.
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3.6 Conclusions

Taken together, in this chapter | presented the data newly generated as part of my
project and its integration with previously published datasets. My aim was to build a
harmonised map of these datasets and to annotate the epithelial and mesenchymal
cell lineages more finely. The cell annotation was done in order to be used as a
reference for annotating the snucRNAseq data presented in Chapter 4 and to
annotate the organoid and co-culture models of the endometrium presented in
Chapter 5. Moreover, | set out to explore what effects exogenous hormones and
endometriosis have on the cellular composition of the endometrium. In conclusion,
| succeeded at completing my aims of building the cellular map and annotating the
cell populations, but given | could not include a key dataset with samples from
donors on hormones with and without endometriosis, | could only generate
hypotheses for what effects exogenous hormones and endometriosis may have on
the endometrium. These hypotheses and aims are further explored in the following

chapter.
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Chapter 4: Single-cell and single-nucleus map of the
endometrium in endometriosis and controls

4.1 Introduction

When the field of single-cell transcriptomics was established, the standard
procedure involved analysing freshly collected samples to obtain viable, high-quality
cells. This meant that in the clinical setting, where often only one sample is available
on a given day, each sample is processed separately and considered its own unique
batch. To overcome this issue, cryopreserved samples started to be profiled and
the emerging studies reported that the transcriptomic profiles of cells are not
significantly affected by cryopreservation'®>-194_ At the beginning of my DPhil, |
therefore set out to prospectively collect fresh samples, and after showing that also
for the endometrium cryopreservation does not alter the cells’ transcriptome
(Appendix 1), | started banking cryopreserved samples for later scRNAseq analyses
to be performed across a smaller number of batches. Unfortunately, these efforts
were halted by the then ongoing Covid-19 pandemic which brought with it
cancellations of surgeries for endometriosis (lasting over one year) and our

department’s laboratory closure (for a six-month period).

However, the field of single-cell genomics is one of the fastest growing ones with
new protocols and technologies developed at an extraordinary rate''319, The
development of protocols for extracting single nuclei from snap-frozen samples and
their optimisation reported for the endometrium® meant that instead of relying on
fresh samples and scRNAseq, | could look into generating snucRNAseq data for

frozen banked samples. Reviewing sample and donor metadata for a large
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collection of endometrial biopsies collected and snap-frozen as part of the ENDOX
and FENOX studies, | identified 80 samples suitable for snucRNAseq processing

based on my inclusion/exclusion criteria described in Chapter 2.

4.1.1 Features of scRNAseq and snucRNAseq data

As briefly highlighted in Chapter 1, both snucRNAseq and scRNAseq data have
their unique features/challenges. For example, scRNAseq relies on dissociating
tissues into single cells using various enzymes, which has been reported to induce
changes in gene expression'%¢. The changes have been observed in mitochondrial
and stress response genes, introducing artifactual transcriptomic signatures'97:1%,
However, these can be corrected computationally when performing data analysis.
Moreover, in scRNAseq data, there is a bias towards profiling cells which can be
released easily upon tissue dissociation while those more difficult to dissociate may
remain uncharacterised. The choice of enzymes and temperature at which tissues
are dissociated can also have a large effect'®”-1%, In contrast, stress-induced gene
expression is not detected in snucRNAseq data and a reduced dissociation bias in
detected cell types has been reported?®. On the other hand, snucRNAseq data
suffers from a higher proportion of ambient RNA coming from the cytoplasm of cells
from which the nuclei are extracted, and a lower number of transcripts
detected'®20'. To achieve high-resolution cell type identification, aligning
snucRNAseq reads to introns is required’?®, but even then, some markers are not
detected in snucRNAseq data, while they may be abundant and used as canonical
markers in scRNAseq datasets'?®. Nonetheless, many bioinformatics tools exist that
are able to take these unique features/challenges of scRNAseq and snucRNAseq
data into consideration, allowing us to extract information and biological insights

from a variety of sample sources?%2.
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4.1.2 Analysing the human endometrium using snucRNAseq data

For the human endometrium, snucRNAseq data have been generated and
published for only 4 samples from the proliferative phase®. The authors used these
samples to validate their findings from a larger cohort of scRNAseq data, but did not
integrate these two data sources. With regards to cell type identification, they
provided both general and finer annotations, and cosine distance values as a
quantitative measure of similarity between the identified cell states in the
snucRNAseq and scRNAseq datasets. In this chapter, | explore whether
snucRNAseq and scRNAseq datasets can be integrated successfully and be
annotated based on the marker genes | defined in Chapter 3, both at the broader
and high-resolution levels. Moreover, | validate the existence of the cell states
identified in Chapter 3 in a large cohort of samples covering the endometrium in

those with/without endometriosis and under exogenous hormones.

4.2 Aims

1. Generate snucRNAseq data for a large cohort of donors with and without
endometriosis during natural cycles and while taking hormonal therapy.

2. Integrate scRNAseq datasets from Chapter 3 with the newly generated
snucRNAseq data.

3. Understand the differences and commonalities between the two sources of
RNA sequencing data - single cells and single nuclei.

4. Annotate the integrated cells/nuclei map, focusing on the epithelial and
mesenchymal lineages.

5. Evaluate the existence of epithelial and mesenchymal cell states identified in

Chapter 3 in a larger set of samples.
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4.3 Materials & Methods

4.3.1 Sample processing

Snap-frozen endometrial pipelle biopsies were removed from cryovials and
embedded in OCT for cryosectioning, storing them at -80°C overnight. The following
day, the OCT blocks were left inside the cryostat for ~1 h to equilibrate to the
chamber temperature of -20°C. The blocks were trimmed until reaching the tissue,
when the first 10 ym thick sections for morphological assessment under a light
microscope started to be collected. Three sections were placed on SuperFrost® Plus
slides (ThermoFisher, 12312148) before cutting and collecting 50 um thick sections
for nuclei extraction. Depending on tissue size, between 10 to 20 sections were
placed into a 7 ml Dounce tissue grinder (Sigma-Aldrich, D9063-1SET) on dry-ice
and a further three 10 uym thick sections were placed on slides and stored at -80°C

for later histological staining.

4.3.2 Single-nuclei extraction

Tissue collected in the Dounce tissue grinder was placed on ice inside a class Il
safety cabinet and incubated with 3 ml of homogenisation buffer (see Table 4.1 for
buffer composition) for 5 min. To help dissolve the OCT, the suspension was gently
mixed with a 2 ml aspiration pipette half-way through the incubation. The tissue was
then homogenised by 10-20 strokes of both pestle A and B. The number of strokes
was sample-dependent - homogenisation with each pestle was performed until no
resistance and tissue changes were observed. Each pestle was washed with 500
ul of the homogenisation buffer and the homogenate filtered through a 40 ym cell
strainer into a new 50 ml tube. The sample was then centrifuged using the following

setting: 500 x g, 6 min, 4°C, acceleration set at 0 and deceleration set to 3. After
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removing the supernatant, 500 pl of wash buffer (see Table 4.2 for buffer

composition) was added to the cell pellet and incubated for 2 min on ice. The nuclei

pellet was gently resuspended using wide-bore tips to avoid damaging the nuclei,

and the yield checked using a haemocytometer and trypan blue. Next, the nuclei

suspension was transferred to a 1.5 ml tube and washed twice by adding 1 ml of

the wash buffer and centrifugation (500 x g, 3 min, 4°C). The supernatant was

removed and nuclei resuspended in 200 pl of the wash buffer (volume was nuclei

yield-dependent). To remove debris and clumps, the nuclei suspension was filtered

twice through the 40 pym Flowmi® cell strainers and nuclei counted using a

haemocytometer and trypan blue.

Table 4.1: Homogenisation buffer composition.

Reagent Supplier Product number Final concentration
Sucrose Sigma S0389-1KG 250 mM
2 M KCL Invitrogen AM9640G 25mM
1 M MgCl2 Invitrogen AM9530G 5mM
1 M Tris buffer Invitrogen AM9855G 10 mM
1MDTT Sigma 646563 1 uM
100 x Protease inhibitor Roche 11697498001 1x
RNasin Plus Promega N261B 0.4 U/l
SUPERasesIn Invitrogen AM2694 0.2 U/l
Triton X-100 Sigma 93443-100ml 0.05 %
Nuclease free water Ambion AM9937 NA

Abbreviations: DTT, Dithiothreitol.

90



Table 4.2: Wash buffer composition.

Reagent Supplier Product number Final concentration
BSA Invitrogen AM2618 2%
RNasin Plus Promega N261B 0.2 U/l
PBS Gibco 10010-023 1x

Abbreviations: BSA, bovine serum albumin; PBS, phosphate buffered saline.

The above-described protocol was optimised for single-nuclei extraction from
endometrial biopsies by Dr Elena Prigmore, Senior Staff Scientist at the Wellcome
Sanger Institute (WSI). Sample processing for snucRNAseq was carried out by Dr
Agnes Oszlanczi (Technical Specialist, WSI), Dr Maria del Carmen Sancho-Serra
(Technical Specialist, WSI) and myself. To minimise the number of batches in which
the nuclei were extracted and sequenced, in most cases we processed 4 samples
(from cases and controls) at the same time, distinguishing between donors based

on the genotyping data available.

4.3.3 Single-nuclei RNA-sequencing

In most of the cases, two donor samples per 10x reaction were pooled and nuclei
were loaded at volumes and concentrations required to achieve an equal target
nuclei recovery per donor: 5,000 - 7,000 nuclei/donor. The 10x Genomics dual index
v3.1 libraries (10x Genomics, 1000268) were prepared and sequenced as

described in Chapter 3, section 3.3.3.4.
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4.3.4 Data analysis - pipeline modifications for snucRNAseq data

Data analysis was performed following the same computational pipelines as
described in Chapter 3, section 3.3.3 but with a few modifications. First, the
sequencing reads for single nuclei were aligned to whole transcript regions
(including both exonic and intronic regions). This was to obtain a higher number of
transcripts detected from nuclei, as they contain a higher proportion of pre-mRNA.
Second, more stringent filtering was applied to identify high QC nuclei. Nuclei were
removed if < 1,000 genes and > 3% mitochondrial gene expression was detected
per nucleus. Nuclei with UMI counts > 150,000 and < 3,000 were also filtered out.
Thirdly, count matrices from single nuclei were denoised from ambient RNA prior to

data integration using the DecontX tool?°® on a per sample basis.

Following denoising, all samples were integrated into a single manifold, together
with the rest of the scRNAseq datasets (Garcia-Alonso, Wang & Mareckova) using
scVI as described in Chapter 3. Modifications included correcting for data source
(cells vs nuclei) apart from sample/donor and dataset origin as described in Chapter
3. To achieve satisfactory integration, we performed and evaluated multiple
versions of integration with a different number of neural network layers and chose

4 layers of neural networks to integrate the data.

The downstream analyses were performed as described in section 3.3.3. To help
guide cell state annotation, we imported the annotations obtained from the analyses
in Chapter 3 on single cells and projected these onto the UMAPs of the integrated
manifold of sScRNAseq and snucRNAseq data. Lastly, to assess the similarity of
scRNAseq and snucRNAseq data, | calculated the average gene expression per

cell state (restricted to 3,000 highly variable genes identified) in both the scRNAseq
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and snucRNAseq data separately. Using the pairwise_distances function from the
Sklearn.metrics package | calculated the Euclidean distances between the average

gene expression values for cells and nuclei for each cell state identified.

4 .4 Results

In total, we processed 80 samples for snucRNAseq. Here, | present data for 66
samples due to: (i) not obtaining sufficient nuclei yields for 3 samples, (ii) removing
libraries for 4 samples due to low QC metrics, and (iii) not receiving sequencing data
in time for 7 samples prior to writing this thesis. Table 4.3 shows an overview of the

metadata for the 66 samples presented in this chapter.

Table 4.3: Metadata for samples used for snucRNAseq.

Mareckova_Nuclei

Control Endoms®
Donor # 20 46
Age" 32.55+1.58 33.00 +0.95

Menstrual cycle group

Menstrual 1 4
Proliferative 5 10
Secretory 8 21
Hormones 5 10
Unknown 1 1

Endometriosis stage (rASRM)
I/ - 29

nav - 17

Abbreviations: rASRM, revised American Society for Reproductive Medicine staging
system.

Superscripts:

"Endoms stands for Endometriosis.

" Age is reported as the mean + standard error of the mean.
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4.4 .1 Integration of scRNAseq and snucRNAseq data for 5 donor samples

To assess whether integrating scRNAseq and snucRNAseq data is feasible, and
what the features of each of the data sources are, | generated both scRNAseq and
snucRNAseq data for the same samples from 6 donors. One of the snucRNAseq
libraries failed the QC review process and thus | removed all data from this donor
from the initial scRNAseqg/snucRNAseq comparison analysis. The remaining
samples from 5 donors yielded high QC data for 45,464 cells and 34,232 nuclei.
Successful integration was achieved using scV/ with 4 layers of neural networks,
which was higher than what was used for integrating scRNAseq data across the
multiple datasets in Chapter 3. The integrated UMAP of the data and the main
cell/nuclei states identified are shown in Figure 4.1. The cells/nuclei states were
identified and assigned based on canonical marker gene expression as described
in Chapter 3 and included endothelial, epithelial, immune, stromal and PV cells.
Moreover, ciliated epithelial cells were also identified as a distinct cluster already in

this broad classification (Figure 4.1A).

Next, | assessed the contribution of scRNAseq (cells) and snucRNAseq (nuclei)
data to the main cells/nuclei states identified. As shown in Figure 4.1B, mostly, there
appeared to be a good overlap between the cells and nuclei data. However, |
observed a lower recovery of nuclei in the PV and endothelial lineages as compared
to cells, contributing ~10% of all PV and endothelial cells/nuclei identified. Moreover,
a slightly lower percentage of nuclei was also detected in the stromal cell population,
while the opposite was true for the epithelial lineage with nuclei contributing ~65%
of all cells/nuclei assigned as epithelial. The contribution of cells and nuclei to the
immune and ciliated epithelial populations were comparable given the lower total

number of nuclei analysed. Lastly, with regards to the number of genes and mRNA
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molecules detected per cell/nucleus, the cells and nuclei datasets were comparable,
with slightly lower numbers detected in nuclei (Figure 4.1C). The most striking
difference between the datasets was observed in the percentage of mitochondrial
genes expressed per cell/nucleus, with the nuclei data characterised by extremely

low expression of mitochondrial genes (Figure 4.1C).
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Figure 4.1: Unified map of scRNAseq and snucRNAseq data for 5 donors. Shown are
UMAP projections of the integrated scRNAseq data (cells) and snucRNAseq data (nuclei),
coloured by the main cells/nuclei states identified (A) and the data source (B). A bar plot
visualisation of the percentual contribution of cells and nuclei to each cells/nuclei state
identified is also shown. The violin plots in (C) show the data distribution for number of
genes, number of MRNA molecules and percentage of mitochondrial gene expression on
a per cell/nucleus basis for each of the data sources. Abbreviations: PV, perivascular;
snucRNAseq, single-nucleus RNA-sequencing; scRNAseq, single-cell RNA-sequencing;
UMAP, uniform manifold approximation and projection.
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To check the averaged data for all the donor samples above was not confounded
by an outlier sample, | next considered the data for each donor separately (Figure
4.2). It confirmed the above results about detecting more epithelial cells in the nuclei
data when compared to cells data and also the low numbers of endothelial and PV
cells in the nuclei data across all donors. However, heterogeneity was observed
across the donors: e.g. donors FX1146 and FX1125 had very few cells annotated
as epithelial cells in samples processed for scRNAseq. For both of these donors a
large proportion of cells expressing epithelial markers was removed during the QC

steps as they were regarded as low QC for further downstream analyses (data not

shown).
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Figure 4.2: Sample-specific distribution of main cells/nuclei states. Shown is an UMAP
projection of the integrated scRNAseq data (cells) and snucRNAseq data (nuclei), coloured
by donor ID (left). To the right is a bar plot visualisation of the percentual contribution of
cells and nuclei to each cells/nuclei state identified on a donor basis either in the cells or
nuclei data. Abbreviations: PV, perivascular; snucRNAseq, single-nucleus RNA-
sequencing; scRNAseq, single-cell RNA-sequencing; UMAP, uniform manifold
approximation and projection.
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4.4.2 Integration of scRNAseq and snucRNAseq data for all datasets

Understanding the features of both the scRNAseq and snucRNAseq datasets, we
next integrated the three scRNAseq datasets described in Chapter 3 (in this chapter
referred to as Garcia-Alonso_Cells, Mareckova_Cells and Wang_Cells) together
with snucRNAseq data for the 66 samples described above in Table 4.3 (here
referred to as Mareckova_Nuclei). In this chapter, | present the integrated map of
600,056 high QC single cells and nuclei from 90 donors (Figure 4.3), consisting of
254,650 cells from 29 donors and 345,406 nuclei from 66 donors (see Table 4.4).
The total number of individual donors profiled stands at 90 due to the overlap of
having both scRNAseq and snucRNAseq data for 5 donors as described above. In
the following sections, | describe the findings obtained from analysing the main
cells/nuclei states identified before zooming-in on the epithelial and mesenchymal
lineages, and describe what effect exogenous hormones and endometriosis have

on the endometrium’s transcriptomic profile.

Data presented in this thesis and chapter for 90 donors in total
Mareckova et al. study: Wang et al. study: Garcia-Alonso et al. study:
75 donors 10 donors 5 donors
61
Nuclei only

Figure 4.3: Overview of donor samples analysed. Number of samples analysed per each
study is shown and whether these were used for scRNAseq (Cells only) or snucRNAseq
(Nuclei only) or both as shown for the Mareckova et al. study.
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Table 4.4: Overview of samples used for integration in Chapter 4.

Controls Endoms’

Data source

scRNAseq (cells) 18 6
snucRNAseq (nuclei) 17 44
scRNAseq & snucRNAseq 2 3
Menstrual cycle group

Menstrual 1 4
Proliferative 10 15
Secretory 20 21
Hormones 5 12
Unknown 1 1

Superscripts:
"Endoms denotes Endometriosis.

4.4.2.1 Main cells/nuclei states identified

The broad annotation of the integrated cells and nuclei was performed the same
way as described in Chapter 3 and for the 5 donors above. Upon identification, the
Fib_C7 and uSMCs populations were removed from further analyses as these were
present only in the samples from the organ donor programme as described in
Chapter 3. The main cells/nuclei states identified included endothelial, immune
(myeloid and lymphoid subgroups), stromal, PV and epithelial cells/nuclei (Figure
4.4). Ciliated epithelial cells/nuclei formed a distinct cluster as did the epithelial
MUCS5B cells/nuclei. Both the ciliated and MUC5B populations were assigned their
identity based on the marker genes described in Chapter 3. The detection of a large

number of MUC5B cells/nuclei (~27,000) was in contrast to the low numbers (~270)
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detected in the single-cell map of the endometrium in Chapter 3. As shown in Figure
4.3, the MUCS5B population was predominantly found in the nuclei dataset (~98% of
all cells/nuclei assigned as MUC5B) and is described in more detail in section
4.4.2.2. With regards to the integration and overlap for endothelial, PV, immune,
and ciliated epithelial cells/nuclei there seemed to be a good agreement between
cells and nuclei assigned the same identity. However, the mixing of cells and nuclei
was less successful in the epithelial and stromal lineages (Figure 4.4B) and is
discussed in more detail in the next sections. Lastly, when it comes to the
proportions of PV and endothelial cells/nuclei, the recovery of these was lower in
the nuclei dataset, confirming the findings from the initial analysis of the 5 donor

samples described in section 4.4.1.

Next, | further explored the contribution of each of the datasets in the harmonised
map of scRNAseq and snucRNAseq data (Figure 4.4C). | observed that even
though only 5 donors were included in the Garcia-Alonso_Cells dataset, a large
proportion of the PV and endothelial cells/nuclei were contributed by this dataset
(~40% and ~35%, respectively) when compared to the rest of the datasets (Figure
4.4C). The Wang_Cells dataset on the other hand was characterised by a large
number of ciliated epithelial cells, with this dataset contributing ~50% of all
cells/nuclei assigned this identity in the integrated map. Lastly, a signature of the
Mareckova_Nuclei dataset was the detection of the majority of MUCSB cells with

~98% of MUCS5B cells/nuclei found in this dataset.
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Figure 4.4: Unified map of scRNAseq and shnucRNAseq data for 90 donors. Shown are
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origin (C). A bar plot visualisation of the percentual contribution of cells and nuclei to each
lineage identified is shown in (B) while in (C) it is the percentual contribution of each dataset
to the lineages identified. Abbreviations: PV, perivascular; snucRNAseq, single-nucleus
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approximation and projection.
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Furthermore, | wanted to explore the gene expression patterns of scRNAseq and
snucRNAseq data across the main cells/nuclei states identified. Overall, | observed
a good resemblance of the average gene expression for the states identified when
comparing these states between cells and nuclei data (Figure 4.5). Less similarity
was observed for immune_myeloid cells and the epithelial lineage (including the
ciliated epithelial cells). Of note is that all of the snucRNAseq data were denoised
using DecontX (see Methods) to remove ambient RNA contamination prior to the
nuclei and cells data integration. As DecontX adjusts the raw count matrix based on
the model it fits to remove the ambient RNA, these analyses need to be repeated

and adjusted to take the adjustment into account.

Euclidean distance matrix
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Figure 4.5: Cells-nuclei average gene expression similarity matrix. Shown is a
correlation matrix of Euclidean distances between cells and nuclei, considering the main
states identified in each dataset. Values for each state were obtained by averaging the gene
expression (restricted to the 3,000 highly variable genes) of all cells and all nuclei assigned
to that particular state. Pairwise Euclidean distance was calculated between these average
gene expression values and is visualised. The shorter the distance, the more similarity is
observed. Abbreviations: PV, perivascular.
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4.4.2.2 The epithelial cell lineage

A total of 232,150 high QC cells/nuclei (26% cells, 74% nuclei) belonging to the
epithelial lineage are shown in Figure 4.6 with the main cells/nuclei states annotated
and marker gene expression shown in Figure 4.7. The next sections cover the
identified cells/nuclei states in more detail and how these compare to those
annotated in Chapter 3. Moreover, the trends observed across the menstrual cycle,

under exogenous hormones and in endometriosis are described.

4.2.2.2.1 Epithelial cells/nuclei states identified

The ciliated group

Similar to those described in Chapter 3, three subtypes of ciliated cells/nuclei were
identified: pre-ciliated, ciliated and ciliated LGR5 states. Overall, the percentual
contribution of nuclei to the ciliated and ciliated_LGRS states (~20-30%) was lower
than expected given the total number of cells and nuclei analysed (Figure 4.6B).
Considering the contribution of each dataset to these cells/nuclei states showed that
the majority of the ciliated and ciliated_LGR5 states (> 55%) came from the
Wang_Cells dataset profiling secretory phase samples around the time of the
window of implantation (Figure 4.6C). The pre-ciliated state was made of ~70%
nuclei. The states of the ciliated group could be identified using the marker genes
described in Chapter 3, with the exception of NEK2 (pre-ciliated marker reported in

the Chapter 3) not detected in this cells/nuclei integration (Figure 4.7).
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The proliferative group

Apart from the defined proliferative and proliferative_ LGR5 cells/nuclei states
described in Chapter 3, here | further defined the proliferative_cycling state with
nuclei making > 80% of this cells/nuclei state (Figure 4.6B). Identified marker genes

through TF-IDF included CENPP, MND1 and MELK (Figure 4.7B).

The TENMZ2 population

Overall, this population was abundant in the snucRNAseq data, with nuclei
contributing over 80% (Figure 4.6B). The marker gene expression; however, slightly
differed in the snucRNAseq data, with lower expression of the OPRK1 marker gene
in nuclei when compared to cells (Figure 4.7C). Moreover, in Chapter 3, the TENM2
population was uniquely identified in secretory phase samples, while in this larger
dataset the population was detected in both the proliferative and secretory phases
(described in more detail in section 4.2.2.2.2). Therefore, in this chapter it is not
grouped under the secretory group. Based on marker gene expression, the TENM2
population shares expression of some marker genes with the proliferative and
proliferative_cycling cells/nuclei states, suggesting it could be a transitioning cell
state, transitioning towards the glandular state with which it also shares some

markers (Figure 4.7).

The secretory group

Apart from the glandular_secretory FGF7 cell state, the luminal, glandular and
glandular_secretory states could also be identified in the nuclei data (Figure 4.6B).
The glandular_secretory FGF7 cell state came from the cells datasets only, with

~95% from the Wang dataset (Figure 4.6C). Thus, this cell state was not kept for
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further analyses. The maijority of the luminal and glandular cells/nuclei states were
of scRNAseq origin (~60-70%) and again a Wang dataset-specific feature: ~60% of
all luminal and ~40% of all glandular cells/nuclei were contributed by this dataset
(Figure 4.6C). In contrast, the glandular_secretory cells/nuclei state was found in
both the cells and nuclei datasets, with nuclei contributing ~70%. All cells/nuclei
states in the secretory group were identified based on marker gene expression, with
nuclei data having lower expression of the markers defined in Chapter 3 (Figure
4.7B & C). Interestingly, the glandular_secretory state highly expressed ESR2 in

the nuclei dataset but not in the cells’ dataset (Figure 4.7B & C).

The MUCSB population

The MUC5B population was mostly detected in the nuclei dataset (i.e.
Mareckova_Nuclei) with only ~2% contribution from the cells datasets (Figure 4.6B
& C). | observed heterogeneity within this population, with multiple small clusters
expressing MUC5B identified (Figure 4.6A). Donor-wise, the number of cells/nuclei
detected also varied greatly. Most donors contributed only a limited number of
cells/nuclei to this MUC5B population (between 1 to 100 cells/nuclei per donor),
while 6 donors contributed ~90% of all cells/nuclei of this identity (data not shown).
The marker gene expression also varied when compared to the markers defined in
Chapter 3. The new MUC5B specific markers identified included PTPRD, TGFBR3

and DKK2 (Figure 4.7).
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Cell state annotations from Chapter 3
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Cells only: cells/nuclei state annotations from Chapter 4
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Nuclei only: cells/nuclei state annotations from Chapter 4
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Marker genes

Epithelial lineage cells/nuclei states marker gene expression. The dotplots

Figure 4.7

(x-axis)

log-transformed expression of marker genes

show the variance-scaled,

characteristic for each of the cells/nuclei states (y-axis). Expression of steroid hormones is

also shown. In (A) the x-axes show the annotations and markers based on the cells’

analysis in Chapter 3 for the integrated cells and nuclei manifold, while the expression of

the same marker genes and further newly identified marker genes is shown in (B) for cells

ive.

Prolif, proliferat

only and in (C) for nuclei only. Abbreviations
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The hormones group

In contrast to Chapter 3, the hormones_LGRS5 state could not be identified in the
integrated dataset based on its marker gene expression (Figure 4.7A), only the
existence of the hormones_WNT7A state was confirmed in the nuclei data (Figure
4.6B). In addition, the hormones_inflammatory state could not be identified in the
nuclei data. Based on the marker gene expression, | could only identify this cell
state in the Mareckova_Cells dataset and it remained a one donor-specific cluster.

This cell cluster was thus excluded from further analyses.

4.2.2.2.2 Epithelial cells/nuclei states across the menstrual cycle

Next, | explored how the above identified cells/nuclei states vary across the
menstrual cycle. Five main groups are considered: menstrual, proliferative,
secretory, and unknown phases of natural menstrual cycles plus samples from
donors taking exogenous hormones (Figure 4.8). The number of donors assigned
to each group and the number of cells/nuclei analysed, and the percentual
contribution of each group to the total number of cells/nuclei analysed is
summarised in Figure 4.8B. To describe the general trends, all samples are

considered, irrespective of the controls vs endometriosis cases status.
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Menstrual cycle group
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Figure 4.8: Epithelial cells/nuclei across the menstrual cycle. Shown is an UMAP
projection of the scRNAseq and snucRNAseq datasets integrated, coloured by menstrual
cycle group assignment (A). A summary table of the number of donors and cells/nuclei
profiled per group is shown in (B). In (C) the contribution of each menstrual cycle group to
the cells/nuclei states is shown, while in (D) the distribution of cells/nuclei states per
menstrual cycle group is shown. Abbreviations: Prolif, proliferative; scRNAseq, single-cell
RNA-sequencing; snucRNAseq, single-nucleus RNA-sequencing; UMAP, uniform manifold
approximation and projection.
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Menstrual phase

Looking at the menstrual phase, 5 samples were profiled, contributing 4% to the
total number of cells/nuclei analysed (Figure 4.8B). Cells and nuclei from the
menstrual phase predominantly clustered with those assigned the
hormones_WNT7A identity (Figure 4.8 A & C) but one donor sample was mostly
composed of MUCSB nuclei and one of proliferative_ LGRS nuclei skewing the
proportions observed. The MUC5B nuclei from the menstrual phase formed their
own cluster within the MUC5B assigned cells/nuclei state (Figure 4.8A). A smaller
number of cells/nuclei belonged to the rest of the identified cells/nuclei states with
only a limited number belonging to the glandular state while the glandular_secretory
state was more abundant (Figure 4.8C & D). Variation in the data is not surprising
given the endometrium sheds and heals simultaneously in a piecemeal fashion, with
dramatic histological changes between day 1 of bleeding to the end of the menstrual

phase when it has been repaired and bleeding stops.

Proliferative and secretory phases

Unlike in Chapter 3, the distinction between cells/nuclei states belonging to either
the proliferative or secretory phases (26% and 57% of total cells/nuclei analysed,
respectively) is not as clear-cut. There appears to be more of a continuum (Figure
4.8C), but some phase-specific features remain. E.g. the proliferative phase is
characterised by the presence of the proliferative, proliferative LGRS,
proliferative_cycling, TENM2 and MUCS5B states in larger proportions when
compared to the secretory phase (Figure 4.8C & D). On the other hand, the
secretory phase is defined by a larger number of luminal, glandular and

glandular_secretory cells/nuclei. With regards to the ciliated group of cells, the pre-

109



ciliated cells are a feature of the proliferative phase while the ciliated and
ciliated_LGRS5 states were more abundant in the secretory phase samples. NB, the

Wang_Cells dataset skewed these numbers and proportions as discussed above.

The TENM2 population briefly described in the previous section was confided to the
secretory phase in Chapter 3, but it appeared that when a larger number of samples
is profiled, it is the proliferative phase in which the total number of TENM2
cells/nuclei peak. Unfortunately, for most of the samples | did not have a more fine
annotation of the proliferative phase (i.e. early/late) and also the secretory phase
(i.e. early/mid/late) which would allow more detailed characterisation. However,
based on the samples that such finer annotation was available for, the data suggest
that the TENMZ2 population increases in its numbers towards the end of the
proliferative phase and early secretory phase with numbers decreasing towards

later stages of the secretory phase (data not shown).

Unknown phase

It was not possible to assign the menstrual phase for two donor samples due to poor
histology of the samples upon sectioning and no data available for self-reported
days of menstrual cycle. These two samples were mostly made of the MUC5B
cells/nuclei state (Figure 4.8) and thus it was also not possible to assign the
menstrual stage based on the transcriptomic profiles observed. These samples
therefore remain assigned to the unknown group until the clinical metadata is further

reviewed by our research nurses for more details.
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Hormones

Altogether, 17 samples were collected from donors taking exogenous hormones,
contributing ~10% of cells/nuclei to the total analysed. Yet, these donors were taking
different forms of exogenous hormones and are thus discussed in more detail in a

separate section below.

4.2.2.2.3 Epithelial cells/nuclei states under exogenous hormones

Overall, the 17 donors taking exogenous hormones at sample collection were taking
5 different types of treatment. These included: (i) 2 donors taking the combined oral
contraceptive pill (COCP) containing both oestrogen and progestin, (ii) 5 donors
taking progestins only orally, brand name Desogestrel, (iii) 3 donors with a progestin
implant with a continuous release of the hormone, (iv) 6 donors with a fitted
progestin-releasing 1UD, brand name Mirena coil, and (v) 1 donor taking GnRH
agonist, brand name Zoladex (Figure 4.9A & B). The differences in the cellular
composition of the samples between the different treatments (Figure 4.9A & C) is

discussed below.

Starting with the COCP treatment, the sample composition resembled proliferative
phase endometrium with a high proportion of proliferative, proliferative_ LGRS and
TENM2 cells/nuclei states detected (Figure 4.9C). The Desogestrel treatment
(progestin  only), unlike in Chapter 3 was not characterised by the
hormones_inflammatory cell state. As described above, this cell state was one
donor-specific and thus excluded from further analyses. Instead, the endometrium
of donors taking Desogestrel mostly resembled the secretory phase endometrium

with a high proportion of glandular_secretory cells/nuclei (70% of total). Presence
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of this secretory population was also observed in Chapter 3, together with the

hormones_WNT7A cells/nuclei which were also seen here (Figure 4.9C).
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Figure 4.9: Epithelial cells/nuclei in donors taking exogenous hormones. Shown is an
UMAP projection of the scRNAseq and snucRNAseq datasets integrated, coloured by type
of hormonal treatment (A). A summary table of the number of donors and cells/nuclei
profiled per treatment is shown in (B). In (C) the distribution of cells/nuclei states per
hormonal treatment is shown. Abbreviations: COCP, combined oral contraceptive pill;
Prolif, proliferative; scRNAseq, single-cell RNA-sequencing; snucRNAseq, single-nucleus
RNA-sequencing; UMAP, uniform manifold approximation and projection.
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The progestin-releasing implant was characterised by a high proportion of
proliferative_LGRS5 cells/nuclei (40%) and a high proportion of MUC5B cells/nuclei
(~25%). However, this was due to one donor where the sample consisted of 95%
MUCS5B cells/nuclei. In contrast, the progestin-releasing IUD Mirena coil was
defined by a high proportion of the hormones_ WNT7A cells/nuclei state (~37%)
which is in agreement with what was observed for the sample described in Chapter
3, making this a specific feature of this treatment. In addition, a higher proportion of
cells/nuclei states present in the proliferative phase endometrium were observed
with some luminal and glandular_secretory states more characteristic of the

secretory phase endometrium also detected (Figure 4.9C).

With regards to the Zoladex treatment, only one donor sample was profiled (Figure
4.9B). The data suggest that under this treatment the endometrium is made of a
high proportion of the proliferative_LGRS5 cells/nuclei state as well as the luminal,
hormones_WNT7A and MUC5B states. This is in line with the treatment causing

endometrial atrophy, manifested as a thin functionalis layer lined with luminal cells’’.

Lastly, of note is that in most cases where the donors were taking hormonal
treatment, the MUC5B population was detected on a per donor basis (data not
shown). With regards to the ciliated group of cells/nuclei, lower proportion of all
types of ciliated cells/nuclei was seen in samples from donors taking Desogestrel
or having the IUD Mirena coil fitted while higher proportions were observed under

the Zoladex, Implant and COCP treatments.
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4.2.2.2.4 Epithelial cells/nuclei states in endometriosis and controls

In this section, only samples from donors not taking exogenous hormones and from
the proliferative and secretory phases (n = 66) are considered. This is due to the
low number of samples and cells/nuclei from the menstrual phase and unknown
group within the control and endometriosis groups (Figure 4.10B). Cells/nuclei from
controls (i.e. women without endometriosis) (n = 32) and endometriosis cases (n =
41) contributed 38% and 62% of the total cells/nuclei analysed from donors not on
hormones, respectively. In addition, the different endometriosis stages I/Il and III/IV
were all merged under one ‘endometriosis’ group due to a higher proportion of
endometriosis /Il stage samples being from the secretory phase, while
endometriosis Ill/IV stage donors had a higher proportion of donors in the
proliferative phase. For this reason, only an UMAP visualisation of the different
stages is provided in Figure 4.10A. Taking these steps ensured the number of
proliferative and secretory phase samples was balanced between the control and

endometriosis groups (Figure 4.10B, green rectangle).

In Chapter 3, the preliminary comparison of controls and cases suggested no
differences in the proliferative phase and highlighted some differences during the
secretory phase, such as higher proportion of Iluminal, ciliated LGR5 and
glandular_secretory_FGF7 cell states in controls when compared to endometriosis
cases. Looking at a larger number of samples in this chapter, | observed that in the
proliferative phase, there is a higher proportion of proliferative_cycling and TENM2
cells/nuclei in endometriosis cases when compared to controls (Figure 4.10C).
Moreover, the proportion of MUC5B and all types of ciliated cells/nuclei was higher

in controls than in cases. These findings were not observed in Chapter 3.
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Considering the secretory phase, controls had a higher proportion of ciliated,
ciliated_LGR5, luminal and glandular cells/nuclei states when compared to
endometriosis cases (as observed in Chapter 3). In addition, | also observed that in
endometriosis cases there is a higher proportion of proliferative_cycling, TENM2
and glandular_secretory cells/nuclei states when compared to controls. With
regards to the MUC5B population, a higher proportion of these cells/nuclei was

observed in controls (Figure 4.10C).

Next, given the observations and biases noted for the Wang_Cells dataset profiling
samples from around the time of the window of implantation, | compared only the
data generated as part of the Mareckova_Nuclei dataset to verify the above findings
(Figure 4.10D). In the proliferative phase, the findings described above are
recapitulated - there is a higher proportion of proliferative_cycling, and TENM2
nuclei in endometriosis cases and a reduced proportion of MUC5B nuclei when
compared to controls. The differences in proportions of ciliated cells are less
obvious. Considering the secretory phase, the differences noted when both cells
and nuclei were analysed appear to be absent/less prominent with only a slight
increase in the proportion of luminal and glandular_secretory nuclei in controls,
while the endometriosis cases are described by a higher proportion of
glandular_secretory nuclei and lower proportion of the MUC5B nuclei (Figure

4.10D).
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Figure 4.10: Epithelial cells/nuclei in endometriosis and controls. Shown is an UMAP
projection of the scRNAseq and snucRNAseq datasets integrated, coloured by disease
status, endometriosis stage and menstrual cycle group (A). A summary table of the number
of donors and cells/nuclei profiled for controls and endometriosis cases is shown in (B). In
(C) the distribution of cells/nuclei states per proliferative and secretory phase for controls
and endometriosis cases is shown while in (D) the same is shown for nuclei only.
Abbreviations: Prolif, proliferative; scRNAseq, single-cell RNA-sequencing; snucRNAseq,
single-nucleus RNA-sequencing; UMAP, uniform manifold approximation and projection.
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4.4.2.3 The mesenchymal cell lineage

Altogether, 174,970 high QC cells/nuclei (52% cells, 48% nuclei) belonging to the
mesenchymal lineage are shown in Figure 4.11 with the main cells/nuclei states
annotated and their marker gene expression shown in Figure 4.12. uSMCs were
removed from the data upon identification as these came from the organ donor
samples only as described in Chapter 3. The next sections cover the identified
cells/nuclei states in more detail and how these compared to those annotated in
Chapter 3. Moreover, the trends observed across the menstrual cycle, under

exogenous hormones and in endometriosis are described.

4.4.2.3.1 Mesenchymal cells/nuclei states identified

The fibroblasts group

As described in Chapter 3, the Fib_C7 population was predominantly detected in
the Garcia-Alonso_Cells dataset with organ donor samples, but in this integrated
cells/nuclei map also in one sample from the Mareckova_Nuclei dataset (Figure
4.11B & C). This donor sample contributed ~18% of all cells/nuclei assigned the
Fib_C7 identity (Figure 4.11B). This population is most likely only detected in
samples where deeper layers of the endometrium are sampled, which as the data
shows was not the case in the majority of the samples analysed here. Due to this,

the Fib_C7 population was excluded from further analyses.

The perivascular group

Similarly, the myometrial mPV_MYH11 cell state was only present in the organ
donor samples from the Garcia-Alonso_Cells dataset and was thus not analysed
further (Figure 4.11B & C). With regards to the endometrial PV cells/nuclei, low

recovery of these was observed in the nuclei data, especially for the ePV_STEAP4
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and ePV_AOCS3 states with < 5% of all cells/nuclei of these identities being from the
Mareckova_Nuclei dataset (Figure 4.11B & C). Moreover, the ePV_STEAP4
population came mostly from the Garcia-Alonso_Cells dataset (> 95%). The only
ePV population recapitulated in the nuclei data was the ePV_MMP11 subtype with
nuclei making ~30% of all cells/nuclei assigned this identity (Figure 4.11B). The
marker genes defining this population were consistent across cells and nuclei and

the same as described in Chapter 3 (Figure 4.12).

Stromal cells/nuclei: the non-decidualised group

The eS, eS_cycling, eS BMP7 and hormones_eS_MMPs populations were
described in Chapter 3, but here the hormones_eS_MMPs population could not be
detected based on the marker genes defined previously (Figure 4.12A). The eS and
eS_cycling states were abundant in the nuclei data, with nuclei making 58% and
55% of all cells/nuclei assigned this annotation, respectively. Same as in Chapter
3, 87% of all cells/nuclei in the eS_BMP7 cluster were from one donor in the Garcia-
Alonso_Cells dataset. Only a small number of other donors contributed up to a
maximum of 12 cells/nuclei per donor to this cluster. For this reason, this eS_BMP7
state was not considered robust and was not included in further analyses. Apart
from the populations defined in Chapter 3, an additional cells/nuclei state was
observed and named eS_LAMC3 based on its high expression of LAMCS3. Further
markers identified included PRSS12 and CRABPZ2, expression of which was shared

across the eS and eS_cycling populations (Figure 4.12C).
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Figure 4.11: Mesenchymal lineage cells/nuclei states identified. Shown are UMAP
projections of the scRNAseq and snucRNAseq datasets integrated, coloured by
mesenchymal cells/nuclei states identified (A), the different data sources (B), and the
datasets integrated (C). In (B, right) the contribution of cells and nuclei to each
mesenchymal cells/nuclei state identified is shown and in (C, right) the contribution of each
dataset is quantified. Abbreviations: dS, decidualised stromal; ePV, endometrial
perivascular; eS, endometrial stromal; mPV, myometrial perivascular; scRNAseq, single-
cell RNA-sequencing; snucRNAseq, single-nucleus RNA-sequencing; UMAP, uniform
manifold approximation and projection.
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Figure 4.12

(x-axis)

characteristic for each of the cells/nuclei states (y-axis). Expression of steroid hormones

log-transformed expression of marker genes
and general PV and stromal markers is also shown. In (A) the x-axes show the annotations

show the variance-scaled,

and markers based on the cells’ analysis in Chapter 3 for the integrated cells and nuclei
manifold, while the expression of the same marker genes and further newly identified

marker genes are shown in (B) for cells and in (C) for nuclei only. Abbreviations: dS,
decidualised stromal; ePV, endometrial perivascular; €S, endometrial stromal; mPV,

myometrial perivascular.
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Stromal cells/nuclei: the intermediate group

The intermediate cell state could also be identified upon scRNAseq and
snucRNAseq data integration using the markers described in Chapter 3 (Figure
4.12). The expression of CILP (one of the identified markers) was lower in the nuclei

data when compared to cells (Figure 4.12B & C).

Stromal cells/nuclei: the decidualised group

In the decidualised group, the dS population was also detected in the nuclei data
(contributing ~40%); however, the hormones_dS and dS_BACH2 populations were
not recapitulated to the same extent (Figure 4.11). The hormones_dS cell state was
observed to be predominantly made of cells from one donor in the Mareckova_Cells
dataset, with only 5 cells/nuclei in total contributed by other donors and datasets.
This cluster was thus not considered robust and was excluded from further
analyses. The dS_BACH2 state was detected in the Garcia-Alonso_Cells and
Wang_Cells datasets with nuclei contributing only ~4% to the total number of this
population (Figure 4.11B & C). While multiple donors from the Mareckova_Nuclei
dataset contributed to this cluster, the highest number of nuclei per donor was 15,
suggesting this cells/nuclei state is not fully recapitulated/captured in the nuclei data.
In addition, the dS_basal state defined in Chapter 3 could not be identified in the

integrated UMAP based on its marker gene expression (Figure 4.12A).

4.4.2.3.2 Mesenchymal cells/nuclei states across the menstrual cycle

As described above, the recovery of nuclei for the mesenchymal lineage was poor
when compared to the epithelial lineage, with low numbers detected especially for

the menstrual (1,013 cells/nuclei) and unknown phase (6 cells/nuclei) samples
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(Figure 4.13B). These phases are therefore not described in detail, nonetheless
their cellular composition is shown in Figure 4.13 after removing the Fib_C7,
eS_BMP7 and hormones_dS cells/nuclei. Below, the proliferative and secretory
phases as well as samples from donors taking exogenous hormones are discussed

in more detail.

Proliferative and secretory phases

As described in Chapter 3, the proliferative phase samples were defined by a high
proportion of the eS and eS_cycling states and this finding was recapitulated in this
chapter’s integrated dataset (Figure 4.13C & D). The proliferative phase samples
consisted of ~80% eS cells/nuclei. Moreover, the newly defined eS_LAMCS state,
ePV_AOC3 and ePV_MMP11 populations were also present during the proliferative
phase but detected in smaller proportions than in the secretory phase (Figure
4.13D). In the secretory phase samples there was a shift towards a lower proportion
of eS and eS_cycling states (making ~35% of all secretory phase cells/nuclei), while
the intermediate cell state increased in its numbers as well as the dS cell state,
contributing ~12% and 34%, respectively. In Chapter 3, both the intermediate and
dS cell populations were reported to be characteristic of the secretory phase
samples (Figure 4.13C & D). With regards to the dS_BACH2 and ePV_STEAP4
populations, these were also characteristic of the secretory phase samples;
however, as described above, these populations came from the cells’ datasets only

and thus require further investigation.
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Figure 4.13: Mesenchymal cells/nuclei across the menstrual cycle. Shown is an UMAP
projection of the scRNAseq and snucRNAseq datasets integrated, coloured by menstrual
cycle group assignment (A). A summary table of the number of donors and cells/nuclei
profiled per group is shown in (B). In (C) the contribution of each menstrual cycle group to
the cells/nuclei states is shown, while in (D) the distribution of cells/nuclei states per
menstrual cycle group is shown. Abbreviations: dS, decidualised stromal; ePV, endometrial
perivascular; eS, endometrial stromal; scRNAseq, single-cell RNA-sequencing;
snucRNAseq, single-nucleus RNA-sequencing; UMAP, uniform manifold approximation
and projection.
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Hormones

Overall, only ~10,000 cells/nuclei from 17 donors taking exogenous hormones were
recovered, with a few donors contributing only a limited number of cells/nuclei. As
described for the epithelial lineage section above, the donors analysed were taking
5 different hormonal treatments (Figure 4.14B) and the UMAP visualisation is shown

in Figure 4.14A.

The COCP treatment appeared to induce a phenotype similar to the secretory phase
endometrium with a reduced proportion of the eS and eS_cycling state, some
intermediate cells/nuclei and a higher proportion (~50%) of dS cells/nuclei (Figure
4.14C). The hormones_dS population described in Chapter 3 to be specific to the
progestin pill Desogestrel was confirmed to be one donor-specific and thus was not
analysed further, but the overall secretory phase phenotype was observed also in
this chapter for this hormonal treatment. In this group, the proportion of dS
cells/nuclei was highest (~80%) when compared to the rest of the samples taking

other hormonal therapy.

In contrast, the progestin-releasing implant induced more of a proliferative phase
phenotype with ~85% of cells/nuclei assigned the eS identity (Figure 4.14C).
Similarly, the progestin-releasing IUD Mirena was defined by a higher percentage
of eS cells/nuclei (~55%) and a smaller proportion of dS cells/nuclei (~12%) which
was also observed in Chapter 3. Taking the GnRH agonist, Zoladex, likely induced
a similar phenotype to the Mirena coil one but with a reduced number of eS_cycling
cells/nuclei and more ePV_MMP11 cells/nuclei; however, due to analysing only one

donor sample in this group the results remain inconclusive.
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Figure 4.14: Mesenchymal cells/nuclei in donors taking exogenous hormones. Shown
is an UMAP projection of the scRNAseq and snucRNAseq datasets integrated, coloured by
type of hormonal treatment (A). A summary table of the number of donors and cells/nuclei
profiled per treatment is shown in (B). In (C) the distribution of cells/nuclei states per
hormonal treatment is shown. Abbreviations: COCP, combined oral contraceptive pill; dS,
decidualised stromal; ePV, endometrial perivascular; eS, endometrial stromal; scRNAseq,
single-cell RNA-sequencing; snucRNAseq, single-nucleus RNA-sequencing; UMAP,
uniform manifold approximation and projection.

4.2.2.3.3 Mesenchymal cells/nuclei states in endometriosis and controls

As described for the epithelial lineage, to compare the endometrium in
endometriosis and controls, only samples from donors not taking exogenous
hormones and from the proliferative and secretory phases (n = 66, green rectangle

in Figure 4.15B) are considered here. Moreover, the endometriosis stages /Il and
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l1I/1V are also merged under one ‘endometriosis’ group for the same reasons as
described for the epithelial lineage. Only UMAP visualisations of the different
disease stages and menstrual cycle groups are shown in Figure 4.15A and
percentual contributions to the different groups across controls and endometriosis

cases are summarised in Figure 4.15B.

Comparing a smaller number of samples, no differences between cases and
controls was reported during the proliferative phase in Chapter 3, while a trend was
observed for a smaller proportion of dS cells in endometriosis cases during the
secretory phase when compared to controls. Analysing a larger set of samples
confirmed that indeed no differences in the cellular composition of the proliferative
phase samples could be observed between endometriosis cases and controls
(Figure 4.15C) and this was also true when only the nuclei samples were considered

(Figure 4.15D).

Similar to Chapter 3, differences were observed between cases and controls when
considering the secretory phase samples - a higher proportion of dS cells/nuclei
(42% vs 28%) was observed in control samples. However, this result was likely due
to the bias of the Wang_Cells dataset profiling 10 secretory phase samples around
the time of the window of implantation and late secretory phase samples as
described above. To further validate these findings, | thus looked at comparing only
the nuclei data generated for my study. In this scenario, secretory phase samples
from endometriosis cases have a slightly lower proportion of dS nuclei (28% vs
23%) and slightly higher proportion of the intermediate nuclei (11% vs 6%) when

compared to control samples (Figure 4.15D).
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Figure 4.15: Mesenchymal cells/nuclei in endometriosis and controls. Shown is an
UMAP projection of the scRNAseq and snucRNAseq datasets integrated, coloured by
disease status, endometriosis stage and menstrual cycle group (A). A summary table of the
number of donors and cells/nuclei profiled for controls and endometriosis cases is shown
in (B). In (C) the distribution of cells/nuclei states per proliferative and secretory phase for
controls and endometriosis cases is shown, while in (D) the same is shown for nuclei only.
Abbreviations: dS, decidualised stromal; ePV, endometrial perivascular; eS, endometrial
stromal; scRNAseq, single-cell RNA-sequencing; snucRNAseq, single-nucleus RNA-
sequencing; UMAP, uniform manifold approximation and projection.
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4.5 Discussion

In this chapter | have shown that it is possible to generate high quality snucRNAseq
data for a large number of endometrial samples across the menstrual cycle in health
and endometriosis, as well as when donors take exogenous hormones. Moreover,
| achieved successful integration of the scRNAseq datasets presented in Chapter 3
and the newly generated snucRNAseq data. Using the marker genes defined in
Chapter 3, | could identify and annotate most of the cells/nuclei states in the
mesenchymal and epithelial lineages and could examine their distribution across
the cycle in controls, endometriosis and under the influence of exogenous

hormones. Some of the findings are discussed below in more detail.

4.5.1 Integration of scRNAseq and snucRNAseq data

In order to integrate the cells and nuclei transcriptomic data, the machine learning
tool scVI (described in more detail in Chapter 3) was used as it is suitable for
analysing complex datasets. Using neural networks, the probabilistic model is
trained on the data provided and generates a latent representation of each cell in a
batch corrected space. To learn the cells’ latent representation and remove batch
effects, multiple parameters can be adjusted to achieve optimal data integration,
including the number of layers of the neural networks the model passes the data
through. Here, integrating scRNAseq and snucRNAseq data required a higher
number of layers of the neural networks than when integrating across the three
different scRNAseq datasets in Chapter 3. This suggests higher complexity of the
data and differences between the cells and nuclei datasets that needed to be
considered by scV/ and is in line with the multiple different variables present across

the datasets and the number of samples analysed/integrated in this chapter.

128



Overall, the integration worked well and highlighted some differences that require
further investigation, especially, the lower recovery of PV, endothelial and stromal
nuclei in the snucRNAseq data and lower number of epithelial cells detected in the
scRNAseq data. Multiple factors might be responsible for this observation, including
the way in which the endometrial samples are dissociated to obtain single cells. A
two-step enzymatic digestion protocol is used to dissociate the tissue, suggesting
that in the initial step the collagenase enzyme used readily releases the stromal, PV
and endothelial cells from the extracellular matrix while the epithelial glands remain
to some extent undigested and require further treatment with trypsin. Due to this,
the proportion of stromal, PV and endothelial cells may be higher in scRNAseq data.
It may also be that the nuclei extraction protocol is not fully optimised for capturing

PV and endothelial nuclei.

Considering the epithelial cells, by separately loading the fraction of epithelial cells
after trypsin digestion, | should have obtained higher cell numbers. However, the
prolonged dissociation and trypsin treatment resulted in the observed increased
number of mitochondrial genes expressed (because of dissociation stress) leading
to a higher exclusion rate of these cells due to low QC metrics. Such ‘dissociation
signature’ of increased mitochondrial gene expression was described previously in
the gut after collagenase digestion'”! and was in contrast to the very low expression
of mitochondrial genes detected in the snucRNAseq data. The low mitochondrial
gene expression may be due to less dissociation stress, but is also a feature of not
profiling genes from the cytoplasm (rich in mitochondrial genes) with snucRNAseq.

Lastly, it is also possible that sampling and processing of samples for scRNAseq
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(cryopreservation) and snucRNAseq (snap-freezing) have different effects on the

viability and recovery of these cells/nuclei.

4.5.2 The epithelial and mesenchymal cells/nuclei states identified

Most of the cells/nuclei populations described in this chapter recapitulated the ones
described in Chapter 3, including their marker gene expression. This supports the
robustness of these populations across the different types of data (cells and nuclei)
when it comes to their annotation to the level described in this thesis. However,
some cell states defined in Chapter 3 were not recapitulated in this chapter,
confirming that these populations were donor-specific, such as the
hormones_inflammatory, hormones_LGR5, eS BMP7, hormones dS and
dS_basal populations. The dS_BACH2 and glandular_secretory FGF7 populations
require further investigation as only a very small number of these cells/nuclei came
from the nuclei dataset, but were contributed by multiple donors. As the
endometrium is highly dynamic, it may be that these cells/nuclei were not captured

due to not profiling the ‘correct’ stages of the menstrual cycle.

Chapter 4 new populations

Apart from the populations defined and described in Chapter 3, | also defined the
proliferative_cycling and eS_LAMCS3 populations in this chapter. The genes
characteristic of the proliferative_cycling population are associated with the cell
cycle and meiotic division: centromere protein P (CENPP), meiotic nuclear divisions
1 (MND1), and maternal embryonic leucine zipper kinase (MELK). In Chapter 3 this
population was likely not detected due to the small number of samples profiled
during the proliferative phase. The eS_LAMC3 population shared some marker

gene expression with the eS/eS_cycling populations (e.g. serine protease 12
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(PRSS12) and cellular retinoic acid binding protein 2 (CRABPZ2)) while the laminin
subunit gamma 3 (LAMC3) gene was to a lesser extent expressed by the
ePV_MMP11 population. This could suggest eS_LAMC3 as a transitioning
population between the ePV and eS states. In addition, all of the identified genes
are thought to be involved in cell growth and differentiation, but their role in
endometrial function is not known, only abnormal CRABP2 expression has been

reported in endometrial cancer?®4,

While the MUC5B population was described in Chapter 3 in a few samples, |
detected a much higher number of donors and nuclei within this population when
analysing the nuclei data. The MUCSB population showed great heterogeneity
across the donors analysed and new markers were defined for its identification such
as protein tyrosine phosphatase receptor type D (PTPRD), transforming growth
factor beta receptor 3 (TGFBR3) and dickkopf WNT signalling pathway inhibitor 2
(DKK2). These new markers were likely identified as a result of analysing a larger
number of samples in this chapter, but one should note that the nuclei transcriptomic
data was aligned also to the intronic regions of the genome and thus the expression
of these genes now needs to be validated and the exact location of the MUC5B
population determined using e.g. smFISH staining of full-thickness endometrial

sections in situ.

Datasets’ features and cell populations
Throughout this chapter | described certain features of each of the datasets
analysed that seemed to skew the data to some extent. For example, the Wang et

al. dataset had the highest proportion of ciliated, ciliated LGRS and luminal cells
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characteristic of the window of implantation samples. The Garcia-Alonso et al.
dataset had unique populations (e.g. Fib_C7, mPV_MYH11) in the whole uterus
samples. In addition, samples from this dataset had a high number of ePV_STEAP4
and ePV_AOCS3 cells and only a very small number of these was detected in the
nuclei data. This may be for the reasons described above, such as differences in
the nuclei vs cells isolation protocols, but could also be due to the varied sampling
of the endometrium. Next steps will be to stain whole uterus samples with the
markers identified in order to validate the presence and location of these populations
across the full thickness endometrium. With regards to the ciliated, ciliated_LGRS
and luminal cells presence, focus should be shifted towards samples from around

the time of the window of implantation.

Naming of the proliferative and luminal cell populations

In this thesis, | have presented a slightly different naming strategy for epithelial cells
in the proliferative phase samples when compared to those reported previously in
the Garcia-Alonso et al. study®. After the datasets integration and cluster
identification, | was not able to confidently distinguish between the Luminal 1 and
Luminal 2 populations described by the authors and opted for calling cells
expressing the markers of the luminal 1 population as luminal only. Moreover, the
previously described SOX9* proliferative, SOX9*LGR5, SOX9*LGR5" populations
are in this thesis referred to as proliferative_cycling, proliferative and
proliferative_LGRS populations. This is due to the low expression of SOX9 detected
in my integrated datasets, likely due to the different genome reference used here to
align the data. To avoid confusion, | therefore chose to rename these populations

in this thesis; however, importing the cell annotations from the Garcia-Alonso et al.
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study showed that the identity and naming of these cell populations match (data not

shown).

4.5.3 The endometrium across the menstrual cycle

The rationale behind integrating all of the scRNAseq and snucRNAseq data was to
obtain a comprehensive cellular map of the endometrium across the cycle as so far
such analyses relied on a limited number of cells and samples®’%. | was able to
characterise the proliferative and secretory phases in a large number of donors, but
could only analyse 5 samples from the menstrual phase. Samples from this phase
of the cycle are very difficult to obtain but are of great interest to study as re-
epithelisation and regeneration occur simultaneously as the endometrium sheds in
a piecemeal fashion??. A recent study has shown that it is possible to generate
scRNAseq data from the menstrual effluent which could help understand the
menstrual phase further'#®. In the future, | will be exploring the integration of this
dataset together with the data | generated to compare the properties of the shed

and in situ endometrium.

With regards to the changes across the menstrual cycle, at the time of my thesis
writing, only the broad classification of the cycle (proliferative, secretory, menstrual
phase) was available for all donors analysed and more detailed annotations were
available for a limited number of donors. However, as the endometrium is highly
dynamic and its morphology and function changes within days, this staging is not
accurate enough for a thorough analysis of the cellular composition and changes
across the cycle. In order to pinpoint when certain cell populations appear and
disappear, such as e.g. the newly defined TENM2 and intermediate populations, a

more fine annotation of the cycle phases is needed and will be provided by the
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pathologists | worked with. Moreover, for the two donors with the unknown phase,
their clinical data will be reviewed for more information. A more detailed annotation
of the menstrual cycle phases will be key in understanding the transition of the
endometrium across the cycle, its regeneration and response to hormones. Once
this information is available, | will perform trajectory and cell-cell communication

analyses to corroborate the cell interactions mediating these processes.

4.5.4 The endometrium under the influence of exogenous hormones

As described in Chapter 3, understanding what effects exogenous hormones have
on endometrial function is needed as globally millions of women take hormones for
both contraceptive and therapeutic reasons'9%:205206 |n this chapter | have shown
that it is possible to generate scRNAseq and snucRNAseq data for samples from
donors taking different hormonal therapies, and these therapies induced various
phenotypes. For the first time | described the hormones_ WNT7A population in
donors having the progestin-releasing IUD Mirena coil fitted and that overall, having
this treatment at the cellular level resembles the proliferative phase endometrium.
A limited number of samples from donors taking the GnRH antagonist Zoladex and
COCP (oestrogen and progestin pill) also induced a proliferative phase phenotype,
with COCP resembling the late proliferative phase endometrium transitioning into
the secretory phase. Given the small number of samples analysed, the effects of
Zoladex and COCP need to be studied in a larger set of samples. In contrast, the
progestin pill Desogestrel induced a secretory phase phenotype while the progestin-
releasing implant resembled the proliferative phase endometrium. Taken together,
these findings highlight the heterogeneity of responses observed when taking
exogenous hormones, even when the same hormone (i.e. progestin) is used’*. The

cellular and tissue response observed will depend on many factors, including the
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route of administration (pills orally vs IUD vs implant), the dose and formulation

taken, each individual’'s metabolism, etc. (reviewed in ’').

Of note is that a low number of mesenchymal nuclei was recovered from samples
of donors on hormones, suggesting that this reduction could be a feature of taking
exogenous hormones. Morphologically, taking exogenous hormones has been

linked to endometrial thinning?®” supporting such an observation.

4.5.5 Cellular composition of the endometrium in endometriosis and controls

In this chapter | explored whether the differences observed between endometriosis
cases and controls in a limited number of samples in Chapter 3 would also be
recapitulated in a larger dataset. In order to have a balanced number of samples
and cells between controls and endometriosis cases, | only analysed the
proliferative and secretory phases. Interestingly, the observed differences were
more prominent in the epithelial lineage than the mesenchymal lineage. During the
proliferative phase, higher proportions of the epithelial lineage’s proliferative_cycling
and TENM2 cells/nuclei and reduced proportion of MUC5B cells/nuclei in cases
when compared to controls were noted. The presence of the proliferative_cycling
population to a bigger extent suggests aberrant proliferation of the endometrium in
endometriosis, and has been reported previously?®®. The differences in the TENM2
and MUCS5B populations are difficult to comment on as the exact roles of the TENM2
and MUC5B populations remain to be investigated. No differences were found
between endometriosis cases and controls when comparing the mesenchymal cell

populations in the proliferative phase.
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In contrast, differences were observed in the secretory phase samples, but to a
much lesser extent when only the nuclei samples were analysed. The unique
feature of the window of implantation samples from the Wang et al. dataset meant
that when all datasets were considered, there was a higher proportion of ciliated,
ciliated_LGR5 and luminal epithelial cell states in controls when compared to
endometriosis cases. Endometriosis is associated with infertility?°9-2"1 but the exact
reasons for this remain unknown. Altered endometrial composition and response to
hormones have been suggested?'>-2'5 which also the data here could suggest, but
needs to be interpreted with caution due to the inherent biases and limitations of the
datasets analysed here. In order to better understand the differences, especially
around the time of window of implantation between cases and controls, timed
samples from this phase of the cycle should be collected from both endometriosis

cases and controls and compared to those of the Wang et al. dataset.

Furthermore, in the mesenchymal lineage, higher proportion of PV and dS
cells/nuclei in controls can be attributed to the higher number of these cells in the
Garcia-Alonso and Wang datasets, respectively. These large differences between
cases and controls also disappeared when analysing the nuclei samples only, and
just a slight reduction in the proportion of dS and increase in the intermediate
population was observed in endometriosis cases. Once again, this warrants further
investigation and finer annotation of the menstrual cycle phases to be able to unpick
the real differences between cases and controls instead of signatures specific to

certain phases of the cycle.
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4.5.6 Summary of future directions

Due to time constraints, | was only able to provide a descriptive account of the

transcriptomic data generated during my studies in this chapter. However, further

analyses and data validation steps are needed to evaluate the descriptive findings

reported. Below is a summary of 10 future steps | would like to explore further:

1.

Perform more detailed benchmarking of the scRNAseq and snucRNAseq
data using quantitative measures, including machine learning based
methods such as logistic regression or correlation methods such as cosine
distances to quantify the cells/nuclei transcriptomic similarities.

Re-analyse the snucRNAseq dataset on its own and use label transfer tools
to identify and annotate the nuclei dataset to confirm if the results are robust,
i.e. can the same results be obtained using various approaches?

Annotate and analyse the rest of the cells/nuclei lineages (i.e. immune and
endothelial). How do they vary across the cycle and different conditions?
Obtain more fine annotations of the menstrual cycle phases, i.e. early/late
proliferative, early/mid/late secretory assignment and repeat the analyses
based on this stratification.

Stratify patients based on the different endometriosis stages (I/Il and Ill/IV)
as well as other pathologies and describe their endometrial transcriptomic
signatures.

Perform differentially expressed genes (DEGs) analyses to identify
menstrual cycle phase signatures and differences between controls and

endometriosis cases at the cell state level.
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7. Perform cell-cell communication analyses (i.e. using CellPhoneDB?'%) to
understand the cellular interactions driving endometrial regeneration and
maturation across the menstrual cycle.

8. Define the specific transcriptomic signatures for each of the menstrual cycle
phases in health and explore whether these signatures can be regressed out,
and thus allow for the identification of a, for example, disease signature that
is menstrual cycle phase independent.

9. Obtain further samples from donors taking different types of exogenous
hormone therapies and describe their characteristics.

10. Pinpoint the in-situ location and timing of appearance of the newly defined

populations through e.qg. spatial transcriptomics/smFISH imaging.

4.6 Conclusions

Taken together, in this chapter the newly generated snucRNAseq data integrated
with the three datasets analysed in Chapter 3 were presented. My aim was to
describe the commonalities and differences between the scRNAseq and
snucRNAseq while building a comprehensive cellular map of the endometrium in
health, endometriosis and under exogenous hormones. | focused on annotating the
epithelial and mesenchymal lineages, evaluating which of the cell populations and
findings described in Chapter 3 can be recapitulated in the larger dataset shown
here. In doing so, | have built an updated map of the endometrium across the
menstrual cycle, consisting of the largest number of donor samples, cells/nuclei and
conditions analysed. Due to the time constraints faced, | only presented a

descriptive summary of the observations made while putting this integrated map
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together and provided a list of future analyses | will undertake. In the next chapter |

describe my work on in vitro models of the endometrium.
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Chapter 5: Human endometrium in vitro
5.1 Introduction

In vitro models of the endometrium can provide a powerful platform to study
endometrial biology and function in both health and disease (please see Chapter 1
for further information). Endometrial epithelial organoids (EEOs) can be used as a
model for disorders such as endometriosis, hyperplasia, endometrial cancer, but
also embryo implantation as reviewed and postulated extensively®91.217.218
However, an in depth characterisation and benchmarking of this model system
across a large number of samples is still lacking to be able to harness its full
potential. Single-cell genomics can serve as an effective tool to quantitatively
evaluate and assess the EEO system’s quality and guide its development so that it
successfully recapitulates the physiological or pathological processes of interest in
vitro’™0. In this chapter, | briefly summarise the work done in this respect and
describe the cellular heterogeneity of EEOs and EEOs co-cultured with stromal cells
(EEO-ES). Moreover, | also explore the resemblance of cells from both of these

model systems to the in vivo primary endometrial cells.

5.1.1 Single-cell profiling of 3D endometrial cell in vitro model systems

To date a number of studies have profiled EEOs using scRNAseq (Table 5.1);
however, they differed greatly in their choice of media and protocols for organoid
culture as well as the number of donor samples, disease status and cells profiled.
In addition, the number of cell states defined and nomenclature used to assign their
identities varied greatly (Table 5.1). Multiple epithelial cell states in EEOs and their
response to hormonal stimulation was first reported by Fitzgerald et al.’#® Analysing

organoids from one donor line they reported an increase in the number of ciliated
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cells in response to oestrogen (E2) and increase in secretory cells in response to
medroxyprogesterone acetate [(MPA) a progesterone derivative more resistant to
metabolism?'®] alone, or in combination with cyclic adenosine monophosphate
(cAMP). The Cochrane et al. study on the other hand reported only the presence of
ciliated and secretory cells and changes in their proportions in response to treatment
with a NOTCH pathway inhibitor'#®. Tan et al.*® profiled EEOs from healthy donors
(n = 2) and endometriosis cases (n = 4) without any treatment, but did not provide
a detailed annotation of the EEO cellular heterogeneity and whether this varied

between controls and endometriosis cases.

Garcia-Alonso et al.® performed the first and only detailed benchmarking analysis
of the EEO model system to date, comparing it to in vivo endometrial epithelial cells
using 3 EEOQ lines. Studying the response of EEOs to hormonal stimulation, similarly
to the Fitzgerald et al. study, they observed an increase in secretory cells after first
treating EEOs with E2 followed by treatment with E2, progesterone (P4), cAMP and
prolactin (PRL) (for details see Table 5.1). Using computational tools and their
endometrial in vivo scRNAseq reference, they found that the transcriptomic profiles
of EEO ciliated cells almost perfectly matched those of the in vivo ciliated cells, and
about a quarter of cells assigned the secretory identity matched glandular epithelium
in vivo. Furthermore, treating EEOs with E2 only led to the emergence of pre-ciliated
and E2-induced cell states, which closely matched the pre-ciliated and SOX9* cell
populations they described in vivo, respectively. The results of treating EEOs with

WNT/NOTCH pathway inhibitors is not within the scope of this thesis.
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Table 5.1: Publications profiling 3D endometrial in vitro systems at single-cell level.

Publication?
Fitzgerald Cochrane Rawlings Garcia-Alonso Tan
et al. et al. et al. et al. et al.
Model . . . . .
b Organoids Organoids Assembloids Organoids Organoids
system
Endometrial n=1 n=3 n=3 n=3 n=6
samples
Healthy Endoms® Healthy Healthy Healthy (n = 2)
Endoms (n = 4)
Media“ T Own media T with E2 T B

& own media®

Hormonal stimulation

First 2 days with: N/A 4 days with: 2 days with: N/A
phase: 10nM E2 10nM E2 10nM E2
(in T media)
Second 6 days with: N/A 4 days with: 4 days with: N/A
phase: 10nM E2 1uM E2 10nM E2
1uM MPA 1uM MPA 1uM P4
or 0.5mM cAMP 1uM cAMP
10nM E2 (in own media) 20ng/ml PRL
1uM MPA
1uM cAMP
Cells total ~22,000 ~9,000%9 ~3,000 ~37,0009 ~6,000
Cell states Ciliated Ciliated 5 epithelial NH Day 0 Ciliated
Epithelial Secretory 1 transitional NH Day 2 Glandular prolif
Prolif 5 stromal NH Day 6 MUC5B+
Secretory NH Prolif
Stem Estrogen induced
Unciliated Pre-ciliated
Ciliated
Secretory
Secretory cycling
KRT17+

Abbreviations: cAMP, cyclic adenosine monophosphate; E2, oestrogen; Endoms,
endometriosis; MPA, Medroxyprogesterone acetate; P4, progesterone; Prolif, proliferative.
Superscripts:

@ Listed according to publication date.

b Organoids are epithelial endometrial organoids grown in Matrigel. Assembloids are
epithelial endometrial organoids and stromal cells co-cultured in a synthetic hydrogel.

¢ Collected during hysterectomies, all patients had endometriosis, one also leiomyomas.

? Media composition as described in Turco et al. 2017 (T) and Boretto et al. 2017 (B).

¢ Turco et al. 2017 composition for organoid establishment. To culture assembloids the
media was supplemented with E2 for 4 days followed by their own media composition with
P4, cAMP and MPA.

fNumbers not provided - estimated from a bar plot in Figure 1E.

9 Excludes cells that were profiled when treated with NOTCH inhibitors (Cochrane et al. &
Garcia-Alonso et al.) and WNT inhibitors (Garcia-Alonso et al.).
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Lastly, an assembloid model of the endometrium (i.e. EEO-ES co-cultured in a
synthetic hydrogel) was profiled using scRNAseq by Rawlings et al.®” before and
after hormonal stimulation to determine the decidualisation response of the cells,
and suitability of the model system to study embryo implantation. The authors
reported cellular heterogeneity within both the epithelial and stromal compartments,
showing differentiation of cells into more decidualised stromal and secretory
epithelial cells expressing ‘receptivity genes’ upon stimulation. Marker genes and
likely function for each of the cell subpopulations were provided; however, the
benchmarking was performed by comparing the scRNAseq assembloid data with a

previously published bulk RNAseq dataset.

5.1.2 Media composition and hormonal stimulation of endometrial cells in vitro

As highlighted in Table 5.1 and in the above section, various media compositions
and protocols for hormonal stimulation have been used across these studies, with
some using their own media, while the rest relied on either the exact media
composition, or alterations of these, published by the two seminal papers reporting
EEOs development: the Turco et al.%* and Boretto et al.®® studies. The exact
differences between the Turco et al. and Boretto et al. media can be viewed in
Appendix 4, but for the purposes of this chapter, it is important to highlight the
presence of E2 in the Boretto et al. media throughout EEO culture, while E2 is
absent in the Turco et al. media. Given EEOs are hormone-responsive and E2 is
present in the body throughout the menstrual cycle, | hypothesised that the E2-
containing media would generate cells more similar to the in vivo endometrial cells.
| tested this hypothesis in a pilot experiment (Appendix 4) and observed that EEOs

cultured in E2-containing media most closely resembled in vivo endometrial cells
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and thus used this media type for both the EEO and EEO-ES systems presented in

this chapter.

In addition, | adapted the hormonal stimulation protocol described by Boretto et al.®°
(see section 5.3.6 for more details) using E2 stimulation followed by reduced E2
and P4 treatment to mimic the proliferative and secretory phases of the menstrual
cycle. | hypothesised that such treatment would generate a more physiologically-
relevant response than the previously reported use of MPA and cAMP for the
following reasons: (i) MPA has been synthesised to be metabolically more stable
than P4, i.e. making it more potent and thus exhibiting a stronger response, and (i)
cAMP has similarly been shown to induce stromal cell decidualization more rapidly
and efficiently than P4 in vitro, but also to induce upregulation of different genes to
P4 only treatment?2°-222 Here, | characterised the response of EEOs and EEOs co-
cultured with stromal cells from donors with/without endometriosis and taking
exogenous hormones using a combination of culture media and hormonal

stimulation regime not studied before at the single-cell level.

5.2 Aims

1. Establish organoid and stromal cell lines from donors with and without
endometriosis (i.e. controls) and those taking exogenous hormones.

2. Establish co-cultures of organoids & stromal cells.

3. Profile both systems (organoids only and co-cultures) at the single cell level
after hormonal stimulation mimicking the menstrual cycle.

4. Describe the cellular heterogeneity of these systems and their resemblance

to the in vivo primary endometrial tissue.
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5.3 Materials & Methods

5.3.1 Organoid and stromal cell lines derivation

To derive epithelial organoid and stromal cell lines, endometrial pipelle biopsies
were collected and processed as described throughout this thesis for scRNAseq.
Briefly, collected biopsies were cut-up, cryopreserved and stored at -80°C until the
day of enzymatic digestion (described in Chapter 3, sections 3.3.1 and 3.3.2). After
the first step of digestion with collagenase V, termed the collagenase fraction, cells
in this fraction were filtered and placed in either plates or culture flasks, the size of
which depended on cellular yields and viability. | followed the seeding densities and
media volumes recommended by ThermoFisher??® (Appendix 5) and placed the
counted cells in stromal culture media (see Table 5.2 for media composition) for 30
- 45 min inside a 37°C incubator supplied with 5% COa. This step was performed to
separate the epithelial and stromal cells from within the collagenase fraction.
Stromal cells are plastic-adherent and readily attach to the bottom of the flask, while
epithelial cells float in the medium. At the end of the incubation period, stromal cell
attachment was visually confirmed using the EVOS M5000 Imaging System
(Invivogen, AMF5000) and the medium removed and centrifuged (500 x g, 5 min).
The supernatant was discarded and the cell pellet used for epithelial organoid
derivation as described in section 5.3.3 below. The attached stromal cells in the
flask were provided fresh pre-warmed stromal culture media and maintained as
described in the next section. Figure 5.1 provides a visual overview of how the

organoid and stromal cell lines were established.
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Figure 5.1: Organoid and stromal cell line derivation overview. Prior to digestion,
endometrial biopsies were cryopreserved and thawed on the day of derivation. Upon
digestion with collagenase V, the digest was filtered, and the released cells placed in a flask
to allow for stromal cell attachment. Floating epithelial cells were obtained by collecting the
supernatant, followed by centrifugation and embedding the cell pellet in Matrigel domes.
Upon culture, these cells developed into 3D organoid structures. The attached stromal cells
received fresh media and were cultured as a 2D monolayer until line establishment.

5.3.2 Culturing stromal cells

Endometrial stromal cells were cultured at 37°C in an incubator (5% CO.) in the
stromal culture medium (composition summarised in Table 5.2). The media was
changed every 2-3 days. Once cells reached 90-100% confluency, they were lifted
from the plates/flasks using pre-warmed TrypLE™ (Gibco, 12604013) for 5 min at
37°C. The dissociation was stopped by adding the stromal culture medium, cells
were centrifuged (500 x g, 3 min), counted and placed in new flasks for further
expansion (typically passaged at a 1:3 ratio) or cryopreserved and banked. To bank
the stromal cell lines, after counting, cell suspensions were centrifuged again and
resuspended in 500-1000 pl of ice-cold CryoStor®cell cryopreservation medium
and frozen at -80°C as per the manufacturer's instructions using Corning®
CoolCell®. The cryovials were then moved and stored in liquid nitrogen. All donor

lines were frozen at the earliest passage (P) possible, most typically at P1 or P2.
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Table 5.2: Stromal cell culture medium composition.

Reagent Supplier Product number Final concentration
DMEM Life Technologies 41965039 1X
FBS Sigma-Aldrich F7524 10%
Primocin Invivogen ant-pm-1 100 g / mi

Abbreviations: DMEM, Dulbecco’s Modified Eagle's Medium; FBS, foetal bovine serum.

5.3.3 Culturing epithelial organoids

The cell pellet obtained after letting the stromal cells of the collagenase fraction
attach was resuspended in ice-cold Matrigel (Corning, 356231) to derive epithelial
organoids. Volume of Matrigel was adjusted based on the pellet size and cell
viability. This was at around 1:3 ratio (pellet volume : Matrigel volume) for samples
with poor viability and 1:5 for samples with > 70% viable cells. Organoids were
cultured as described previously, combining the protocols of two seminal papers
reporting their establishment®85. Briefly, organoids formed inside Matrigel domes,
created by dispersing 25 pl drops of the Matrigel-cell suspension into the centre of
each well of 48-well plates (Corning, 3548). For the Matrigel to set, the plates were
placed inside a 37°C incubator supplied with 5% CO2 for 15 min before adding 250
ul of the organoids expansion medium (ExM). The ExM (see Table 5.3 for its
composition) was supplemented with Y-27632 (a inhibitor of Rho-associated kinase
(ROCK)) for the first 2-3 days after culture establishment or passaging, and changed
every 2-3 days. Organoid growth was monitored and imaged every 2-3 days using
the EVOS M5000 system and organoids passaged every 5-7 days at a ratio most
appropriate for their current growth density (typically 1:5). The detailed protocol for
passaging of organoids is described in??4. In brief, organoids were disrupted

mechanically, using an electronic pipette with a ‘mix’ function (Rainin, 17014493).
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Fragmenting the organoids was achieved by pipetting the suspension up/down 300

times using small bore low-retention pipette tips (Rainin, 30389187), followed by a

second round of manual pipetting of ~80-100 times. All washing and centrifugation

steps (600 x g, 6 min, 4°C) were performed in ice-cold DMEM/F12 media. All steps

requiring direct handling of the organoids were carried out using low-retention

pipette tips to prevent organoids from sticking to the plastic.

Table 5.3: Organoid expansion medium composition.

Reagent Supplier Product number Final concentration
DMEM/F12 Life Technologies 12634010 1X
Noggin Peprotech 120-10c 100 ng / mi
B27 Life Technologies 12587010 1X
N2 Life Technologies 17502048 1X
GlutaMAX Life Technologies 35050061 1%
ITS-G Life Technologies 41400045 1%
N-Acetyl-L-cysteine Sigma-Aldrich A9165-5G 1.25mM
17-B Oestradiol Sigma-Aldrich E4389 1nM
Primocin Invivogen ant-pm-1 100 pg / mi
Nicotinamide Sigma-Aldrich NO0636 2 mM
bFGF R&D Systems 233-FB-025 2ng/ ml
R-Spondin 1 BioTechne 4645-RS-01M/CF 500 ng / ml
SB 202190 Sigma-Aldrich S7067-5MG 10 uM
EGF Peprotech AF-100-15 50 ng / mi
FGF-10 Peprotech 100-26 10 ng / ml
A 83-01 Tocris 2939 500 nM
Y-27632* Merck 688000 10 uM

Abbreviations: DMEM/F12, Advanced Dulbecco's Modified Eagle Medium/Ham's F-12;
ITS-G, insulin-transferrin-selenium; bFGF, fibroblast growth factor-basic; EGF, epidermal

growth factor; FGF-10, fibroblast growth factor-10.
Superscripts:

*Y-27632 is only added to the media for 2-3 days after thawing or passaging organoids.
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5.3.4 Freezing and thawing epithelial organoids

Protocols for freezing and thawing endometrial organoids are published. However,
| found following these led to organoid loss and the failure to re-establish organoid
growth post-thaw. Therefore, | worked on optimising organoid freezing and thawing
using multiple approaches with the most successful one described here in detail.
Firstly, the media was removed from the wells and replaced with 250 pl of ice-cold
Cell Recovery Solution (Corning, CLS354253). After 1 h incubation at 4°C, contents
of the wells were transferred into microcentrifuge tubes using wide-bore low-
retention tips (up to 4 wells per tube) and centrifuged (600 x g, 6 min, 4°C). To
prevent organoid loss during the centrifugation steps, | replaced using LoBind
Eppendorf tubes with normal microcentrifuge tubes. Once the supernatant was
discarded, the organoid pellet was gently resuspended in ice-cold CryoStor®cell
cryopreservation medium using wide-bore low-retention tips, transferred to pre-
cooled cryovials and frozen at -80°C as per the manufacturer's instructions using
Corning® CoolCell®. | did not mechanically disrupt the organoids prior to freezing
(as per published protocols), but froze the organoids as whole structures. | found
that the fragmented organoids did not recover after freezing and thawing. The most
satisfactory recovery after freezing/thawing was observed with organoids of ~100-
200um in diameter. Organoids of smaller sizes were difficult to pellet, while larger
organoids exhibited a necrotic appearance in the centre upon thawing, and took a
longer time to fully recover as they required earlier passaging. For banking and
stimulation experiments, all organoid lines were frozen at early passages, most

typically at P2 and the vials stored in liquid nitrogen upon freezing.
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To thaw frozen organoid lines, | consulted Dr lva Kelava, Senior Staff Scientist at
Wellcome Sanger Institute, and optimised the final protocol as follows: after taking
vials from liquid nitrogen, they were placed on dry-ice and thawed in a 37°C water
bath for 2-3 min, until a small piece of ice remained. Using wide-bore low-retention
tips, the cryovial contents were moved into 5 ml tubes (up to 2 cryovials were pooled
per tube). Adding 1 ml at a time, ice-cold DMEM/F12 media was added in a drop-
like fashion, while slowly swirling the tube to wash off the freezing media. Up to 5
ml of DMEM/F12 was added this way and the tube centrifuged (600 x g, 6 min, 4°C)
to pellet organoids. The supernatant was discarded and organoids resuspended in

Matrigel and cultured as described above.

5.3.5 Co-culturing epithelial organoids with stromal cells

To co-culture epithelial organoids with stromal cells, | established a collaboration
with Professor Linda Griffith and Dr Juan Gnecco (both at Massachusetts Institute
of Technology at the time) to trial their synthetic hydrogel supporting such co-
cultures® in our lab. All of the reagents (summarised in Table 5.4) were prepared
and gifted to me by Professor Griffith’s group and Dr Gnecco provided guidance
and advice on setting the system up. The protocol and peptide design is described
in detail in their manuscript®. In brief, the hydrogel was made by functionalising the
8-arm 20 kDA polyethylene glycol vinylsulfone (PEG-VS) with a set of peptides
designed to mimic the biophysical properties of the endometrium: integrins
(PHSRN-K-RGDS and GFOGER) and matrix-binders (basement membrane binder
and fibronectin binder). All were mixed in water and HEPES buffer to final
concentrations summarised in Table 5.4, and left to react for 30 min at room

temperature.
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Table 5.4: Synthetic hydrogel composition.

Reagent Supplier Description Final concentration

1 MHEPES, pH 8.2  Griffith Lab Buffer in 10x PBS 10 %
10% (w/v) PEG Griffith Lab 8-arm 20 kDa PEG-VS 13.5mM
PHSRN-K-RGDS Griffith Lab Fibronectin-derived peptide 1.5 mM
GFOGER Griffith Lab Collagen I-derived peptide 1.5 mM
BM-binder Griffith Lab Basement membrane binder 0.5mM
FN-binder Griffith Lab Fibronectin binder 0.5mM
XL-LW Griffith Lab Dithiol crosslinking peptide 3.04 mM

NF-water Ambion Ambion, AM9937 NA

Abbreviations: HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; PBS,
phosphate buffered saline; PEG, polyethylene glycol; PEG-VS, polyethylene glycol
vinylsulfone; BM, basement membrane; FN, fibronectin; XL-LW, crosslinker; NF, nuclease-
free.

During the functionalisation period, both the epithelial organoids and stromal cells
were prepared for being mixed with the PEG-VS. Shortly, epithelial organoids were
grown from single cells up to ~100 ym in diameter prior to harvesting. In order to do
so, organoid cultures ready to be passaged were dissociated into single cells using
TrypLE for 20-25 min at 37°C, filtered through 40 um Flowmi® cell strainers and
counted. 10,000 cells were seeded per Matrigel dome and grown in ExM
supplemented with Y-27632 for the first 2-3 days and media changes every 2-3
days. Once they reached the appropriate size, the media was removed, organoids
incubated with Cell Recovery Solution for 45 min at 4°C to remove Matrigel, pelleted
and visually inspected and counted under the microscope (see Figure 5.2). Single-
cell stromal cell suspensions were prepared as for passaging or freezing described
in section 5.3.2. Organoids and stromal cells were pooled in the same tube, at
concentrations of 10 whole intact organoids and 10,000 stromal cells per 1 pl of

PEG-VS solution. The organoid and cell mixture was centrifuged (350 x g, 5 min,
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4°C), media aspirated and the pellet carefully resuspended in the functionalised
PEG-VS solution without creating bubbles. The crosslinker was then added and
mixed well by pipetting. 3 ul droplets of the PEG-VS/cell suspension were dispensed
into the centre of each well of non-tissue culture treated 96-well plates (Corning,
351172). The plates were inverted upside down and incubated for 30-45 min in a
37°C incubator supplied with 5% CO.. Once the gelation was complete, 100 ul of
ExM was added per well and the media changed every 2-3 days. Only matched (i.e.
from the same donor) organoids and stromal cell lines were co-cultured. Passage
numbers for both organoid and organoid-stromal co-cultures are summarised in

Tables 5.5 & 5.6.

Figure 5.2: Epithelial organoid-stromal cells co-culture. (A) shows whole intact
organoids grown from single cells ready for harvesting for setting-up co-cultures. (B) shows
stromal cells ready for harvesting. (C) is an example image of organoid-stroma co-culture
embedded in synthetic hydrogels. (D) shows a zoom-in of the rectangle area shown in (C).
White arrows point out epithelial organoids, black arrows stromal cells.
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5.3.6 Hormonal stimulation of epithelial organoids & organoid-stroma co-cultures

Both epithelial organoids and organoid-stroma co-cultures were stimulated with
hormones, mimicking the menstrual cycle. Once set-up after passaging (organoids)
or assembling in the hydrogel (co-cultures), the wells to be stimulated received ExM,
which contained 17-f oestradiol (E2) at 1 nM final concentration for 4 days.
Afterwards, for the following 6 days, the cultures received ExM with E2 reduced to
0.1 nM and progesterone (P4) (Sigma-Aldrich, P7756) at 50 ng/ml. This was to
mimic the proliferative and secretory phases of the menstrual cycle, respectively. In
case of cultures with epithelial organoids only, ExM was supplemented with 10 yM
Y-27632 for the initial 2 days (see Figure 5.3) after set-up. In parallel, unstimulated
wells were also cultured, receiving ExM containing E2 at 1 nM for 10 days. Media
was changed every 2 days during the stimulation experiments. At the end of day
10, cultures were harvested and dissociated into single cells for scRNAseq analysis

or fixed and stored for later analyses as described in the next section.

Stimulated

ExM w/ 1 nM E2

Unstimulated

ExMw/1nM E2

i 1
" 1 1 4

D4 D10

DO D2

Proliferative phase Secretory phase

Figure 5.3: Schematic representation of in vitro hormonal stimulation. Both organoid
cultures and organoid-stromal co-cultures were established to grow under stimulated and
unstimulated conditions in parallel for 10 days. Stimulated cultures received ExM with 1 nM
E2 for 4 days, followed by 6 days of ExM supplemented with 0.1 nM E2 and 50 ng/ml P4 to
mimic the proliferative and secretory phases of the menstrual cycle. Unstimulated cultures
received ExM with 1 nM E2 for 10 days. DO denotes day zero when cultures were set-up.
D10** = cell collection for scRNAseq. D2* = 10 uM Y-27632 added for the initial 2 days for
epithelial organoid cultures. Abbreviations: ExM, expansion medium; w/, with; E2, 17-
oestradiol; P4, progesterone, D, day.
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5.3.5 Single-cell RNA-sequencing of organoids and co-cultures

5.3.5.1 Single cell suspension preparation

To obtain single cell suspensions of epithelial organoids and organoid-stromal cell
co-cultures, the structures were enzymatically dissociated. In case of organoids, the
culture media was removed and 500 pl of ice-cold DMEM/F12 added per well to
dislodge the Matrigel domes. Pooling the contents of up to 3 wells into 5 ml
centrifuge tubes, these were centrifuged (600 x g, 6 min, 4°C), supernatant
discarded and resulting cell pellet resuspended in up to 2 ml of pre-warmed TrypLE
and placed on a MACSMix Rotator for 25 min at 37°C. Tubes were checked and
vigorously shook after 15 min to help dissociate the 3D structures. At 20 min, any
remaining structures were broken down by manually pipetting the solution up/down
50-70 times using 200 pl narrow-bore low-retention tips. Tubes were incubated for
a further 5 min at 37°C while rotating and the dissociation stopped by adding 2-3 ml
of ice-cold DMEM/F12. Tubes were centrifuged (600 x g, 6 min, 4°C), supernatant
discarded and cells resuspended in ~200 pl of 0.04% BSA/PBS and filtered through
40 um Flowmi® cell strainers and counted. For the hydrogel co-cultures, the same
protocol was used with the following modifications: (i) wells were scraped back and
forth to dislodge the hydrogels prior to transferring them to a tube, (ii) up to 4 wells
were pooled per tube, (iii) centrifuge setting was 300 x g, 5 min, 4°C, (iv) Trypsin
and DNase | (final concentration 0.1 mg/ml) were used for dissociation and (v) the
dissociation was stopped after 18 minutes followed by pipetting the suspension

up/down 20-30 times.
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5.3.5.2 Cell loading and target recovery

Organoids were processed in 3 sequencing batches, pooling 3 donors per 10x
reaction in all batches, plus 2 donors for one further 10x reaction in batch 3, when
5 donor lines were processed (Table 5.5). Pooling was done on a per experimental
condition basis - stimulated and unstimulated cells separately. 10x chips were
loaded with targeted viable cell recovery of 12,000 per reaction (i.e. 4,000 cells per
donor per condition) when 3 donors were pooled, and 10,000 per reaction in case
of pooling 2 donors (i.e. 5,000 cells per donor per condition). For the organoid-
stromal co-cultures, cells were processed in 2 batches (Table 5.6). In batch 1, only
one donor line was processed and targeted cell recovery was 10,000 viable cells.
In batch 2, 3 donors were pooled across four 10x reactions, each with targeted cell
recovery of 12,000 viable cells, thus 8,000 cells per donor per condition. To
demultiplex the different donors, genotype information was used, but in case this
information was not available, cells were labelled prior to loading the 10x chip using
TotalSeq™ antibodies as described in Chapter 3, section 3.3.3.3. The antibody
concentrations were adjusted to the cellular yields on the day. With regards to the
10x Genomics dual index v3.1 libraries, these were prepared and sequenced as

described in Chapter 3, section 3.3.3.4.
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Table 5.5: Epithelial organoid lines profiled using scRNAseq.

Batch Line ID Metadata Hormones Passage In vivo data
1 FX1119 Control No P2 Yes
1 FX1254 Endometriosis Il Yes P2 Yes
1 FX1259 Endometriosis Il No P2 Yes
2 FX1268 Endometriosis Il No P4 No
2 FX1260 Control Yes P4 No
2 FX1146 Control No P4 Yes
3 FX1294 Control Yes P3 No
3 FX1125 Endometriosis IlI No P3 Yes
3 SEO3 Control No P3 Yes
3 SEO02 Control No P3 Yes
3 FX1289 Endometriosis | No P3 Yes

Metadata refers to being controls (i.e. donors without endometriosis) or patients with
endometriosis and respective rASRM endometriosis stages. Hormones refers to patients
taking hormonal therapy at sample collection. Column In vivo data highlights for which
donor lines the primary tissue was also profiled at the single-cell level. Abbreviations: P,
passage; rASRM, revised American Society for Reproductive Medicine staging system;
scRNAseq, single-cell RNA-sequencing.

Table 5.6: Organoid-stromal cell co-cultures profiled using scRNAseq.

Passage
Batch Line ID Metadata In vivo data
Organoids Stromal
1 FX1146 Control P6 P6 Yes
2 FX1294 Control - hormones P3 P5 No
2 FX1125 Endometriosis Il P3 P4 Yes
2 SEO03 Control P3 P4 Yes

Metadata refers to being controls (i.e. donors without endometriosis) or patients with
endometriosis and respective rASRM endometriosis stages. Hormones refers to a patient
taking hormonal therapy at sample collection. Column In vivo data highlights for which
donor lines the primary tissue was also profiled at the single-cell level. Abbreviations: P,
passage; rASRM, revised American Society for Reproductive Medicine staging; scRNAseq,
single-cell RNA-sequencing.
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5.3.6 Data analysis - in vitro data specifics

Both the upstream and downstream data analyses were performed following the
same computational pipelines as described in Chapter 3, section 3.3.3 but with a
few modifications. First, samples were integrated using Harmony??°, correcting for
passage number in the case of the epithelial organoids dataset and for genotype
when analysing the organoid and stromal co-culture dataset. Second, differential
gene expression analyses were performed using the Wilcoxon rank-sum method,
provided as a parameter for the scanpy.tl.rank_genes_groups function from the
Scanpy package. The top 3 differentially expressed genes with p-value < 0.001
were reported. Lastly, to annotate the organoids cells using the scRNAseq in vivo
endometrial reference established in Chapter 3 and 4, a regularised logistic
regression approach was used as described in Garcia-Alonso et al.%¢. Briefly, only
a limited number of cell states (considered most robust) for the epithelial organoids
analyses were considered and included the ciliated, glandular, glandular_secretory,
luminal, MUCS5B, proliferative, proliferative LGR5 and TENM2 populations. For the
organoids and stromal cell co-cultures the eS, dS and intermediate cell states were
also included. To limit the influence of cell cycle, the cycling cell states in the in vivo
reference dataset and the G2/M and S genes from Seurat were excluded.
Subsequently, both the in vivo and in vitro datasets were subsetted to their shared
highly variable genes. Gene expression was log-transformed and normalised by the
maximum RNA expression for both datasets. The model was trained with the in vivo
epithelial and stromal cell identities, with 10,000 iterations, and used to classify the

EEO and EEO-ES cells.
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5.4 Results

| processed 27 samples for organoid derivation with a line establishment success
rate of 93%. Overall, | established 25 organoid and 16 stromal cell lines during my
studies (Appendix 6) and adapted the existing methods for freezing and thawing of
the organoid lines as described in the Methods section of this chapter. Moreover, |
successfully established the co-culturing of matched organoid and stromal cell lines
in synthetic hydrogels (n = 4). The next sections describe single-cell transcriptomic

profiling of both the organoid and co-culture systems.

5.4.1 Endometrial epithelial organoids (EEOs)

In total, 11 EEO lines underwent scRNAseq analyses upon culturing with and
without hormonal stimulation mimicking the menstrual cycle (Figure 5.4B). The
endometrial samples came from donors with/without endometriosis (all from
proliferative phase) and those taking exogenous hormones at sample collection.

Here, | present the transcriptomic data for 8 of these EEO lines (Table 5.7).

Table 5.7: Overview of organoid lines and cell numbers analysed in Chapter 5.

Control Total cell
Line ID Endometriosis Unstimul Stimul otal ce
number
Hormones
FX1146 C 2,846 1,125 3,971
SE02 C 6,971 6,827 13,798
SEO03 C 4,815 2,757 7,572
FX1125 E 3,345 3,436 6,781
FX1268 E 2,777 1,823 4,600
FX1289 E 10,091 8,988 19,079
FX1260 C-H 4,360 2,701 7,061
FX1294 C-H 4,243 4,307 8,550
Total N/A 39,448 31,964 71,412

Abbreviations: C, control; E, endometriosis; C-H, control taking exogenous hormones at
sample collection; Stimul, stimulated; Unstimul, unstimulated.
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5.4.1.1 scRNAseq data generation and QC

Dissociating EEOs into single cells using my adapted protocol yielded highly viable
cells (75-90%) and in total, 71,412 high QC cells were generated from the 8 EEO
lines: 39,448 cells (55%) were from the unstimulated group and 31,964 cells (45%)

from the stimulated group (Table 5.7).

Morphologically, at day 10 the EEOs in the stimulated group exhibited a different
phenotype to those in the unstimulated group (Figure 5.4A). The stimulated
organoids appeared darker, had thicker lumen and their shape was distorted, i.e.
less round and regular than that of the EEOs in the unstimulated group. This did not
indicate unhealthy/dying organoids but rather the morphological response to the
hormonal stimulation, as upon dissociation into single cells the viability was
comparable between the groups (data not shown). In addition, the stimulation
protocol (Figure 5.4B) did not alter the QC metrics of these two groups with respect
to the number of genes, MRNA molecules and mitochondrial gene expression per
cell detected for the unstimulated and stimulated organoids (Figure 5.4C). A slight
increase in the percentage of mitochondrial genes per cell was observed in the

stimulated group (Figure 5.4C).
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Figure 5.4: Hormonal stimulation of endometrial epithelial organoids. Representative
images of organoids at day 10 for unstimulated and stimulated conditions are shown in (A).
White arrows highlight example organoids with a thick lumen, black arrows highlight dark
organoids. (B) the culture timelines and conditions for the unstimulated and stimulated
groups. Violin plots in (C) represent the data distribution for number of genes, number of
mRNA molecules and percentage of mitochondrial gene expression on a per cell basis for
each of the culture conditions. Abbreviations: D, day; E2, 17- oestradiol; P4, progesterone;
w/, with.
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5.4.1.2 Endometrial organoids at the single-cell level

Cell state annotation

In total, | defined 14 clusters and cell states when analysing the EEO data and
grouped them under 3 main categories considering whether they were
predominantly detected in the unstimulated, stimulated or both unstimulated and
stimulated organoids (Figure 5.5A). The next sections describe the cell states

detected in these three groups in more detail.

Unstimulated & Stimulated group

The ciliated, pre-ciliated, cycling, KRT17/inflammatory and proliferative_LGR5-like
cells states were detected in both unstimulated and stimulated groups in similar
numbers (Figure 5.5C). The marker genes for the ciliated and pre-ciliated states
were the same as those described for in vivo endometrium in Chapters 3 & 4 (Figure
5.5D). The cycling cell population was identified through visualisation of the cell
cycle phase scores (Figure 5.5B) and expression of genes such as H2AFZ, HMGN2
and TUBA1B. The KRT17/inflammatory cell state was assigned its identity based
on the expression of markers such as IL32, PLAU and KRT17 described previously
in EEOs®. The proliferative_LGR5-like cell state expressed marker genes
characteristic of the proliferative LGRS population described in Chapters 3 and 4
(i.,e. WNT7A, LGRS and ITIH5) and was thus assigned this name and identity

(Figure 5.5D).
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Figure 5.5: Single-cell map of unstimulated and stimulated organoid cells. UMAP
projections of the data coloured by the main cells states identified (A), in (B) by donor line
ID, cell cycle phase and menstrual cycle phase at sampling. In (C) a UMAP projection
coloured by the stimulation status and the percentual contribution of the unstimulated and
stimulated organoid cells to the main cell states identified is shown. The dotplot in (D) shows
the variance-scaled, log-transformed expression of marker genes (x-axis) characteristic for
each of the cell states (y-axis). Abbreviations: Stim, stimulated; UMAP, uniform manifold
approximation and projection; Unstim, unstimulated.
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Unstimulated group

Five cell states were detected at higher proportions (between ~75-98%) in the
unstimulated organoids than in the stimulated ones (Figure 5.5C). Firstly, the
unstimulated_ MUCS5B+PAEP+ population expressing MUCSB, PAEP and TFF3
(Figure 5.5D) found in all donor lines, but with the FX1289 line contributing ~60% of
all cells in this population. Secondly, the unstimulated_E2-induced population
expressed genes typical of response to oestrogen (PGR, SERPINA1, PTPRA)
previously reported in EEOs®. Thirdly, the expression of SLC2A1, ENO1 and
IGFBP5 was characteristic of the unstimulated_Pre-secretory population with
similar expression of these markers seen in the stimulated_Pre-secretory cell state
(Figure 5.5D). The fourth population was the unstimulated_Hormones group
assigned its name as a result of ~50% of this population originating from the two
donors that were taking exogenous hormones at sample collection (Figure 5.5B).
Marker genes for this population included PAX8, XIST and FTX. Lastly, the
unstimulated_Luminal-like population expressed PIGR, CSCD48, and TNFSF10
but also CRISP3, PTGS1 and LEFTY1 to a much lower degree than the

stimulated_Luminal-like population (Figure 5.5D).

Stimulated group

Four cell states were identified as specific to the stimulated organoids, including the
intermediate population (expressing PRAME and ID4) with ~60% of this population
found in the stimulated organoids (Figure 5.5C). ~90% of the stimulated_Pre-
secretory population (expressing LOX, ADM, NDRG1 and SCGB2A2) was
contributed by the stimulated organoids. The stimulated_Pre-luminal and

stimulated_Luminal-like populations were made of 95% and 100% of cells from the
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stimulated organoids, respectively. Both populations expressed luminal cell markers
of in vivo endometrium (e.g. CRISP3, LEFTY1, PTGS1) with high expression
observed in the stimulated_Luminal-like cells and a lower expression seen in the
stimulated_Pre-Luminal cells (Figure 5.5D). Other markers included CSRP2,

ENPP3 and SDC?2 also showing the same pattern of expression.

Endometrial epithelial cells in vitro and in vivo

In order to assign the in vitro cell state identities | relied on marker gene expression
that | established for the different cell states in Chapters 3 and 4, but also logistic
regression predictions (Figure 5.6). Using the transcriptomic signatures of the main
in vivo endometrial cell states (ciliated, glandular, glandular_secretory, luminal,
MUCSB, proliferative, proliferative_LGR5 and TENM2), the logistic regression
model assigned the ciliated, proliferative, proliferative_LGRS5, luminal and glandular
cell identities with high probabilities (Figure 5.6B). However, the predicted glandular
and luminal population overlapped to a large extent. In addition, the MUCS5B
population was identified as a separate cluster, but the probability of this assignment
was low (Figure 5.6B). Taken together, the data shows that the ciliated, proliferative,
proliferative_LGRS, and luminal populations in vitro are transcriptomically highly
similar to those observed in vivo. The glandular_secretory, MUC5B and TENM2
populations could not be detected/were not predicted and thus are likely not

recapitulated in the EEO in vitro model system presented in this chapter.
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Figure 5.6: In vivo to in vitro endometrial cell state predictions. UMAP projections of
the organoid data with cells coloured by the predicted in vivo reference cell states using a
logistic regression model (A). In (B) cells are coloured by the probabilities with which the
cell states were assigned. Abbreviations: LR, logistic regression; Prolif, proliferative; UMAP,
uniform manifold approximation and projection.

5.4.1.3 Organoids from donors with/without endometriosis and taking hormones

Even though good mixing of the cells from the different donor lines was observed,
some heterogeneity and clusters specific to certain groups of donors could be seen
(Figure 5.5B). Next, | therefore explored whether there were any differences
between the EEOs from donors with/without endometriosis after the 10-day culture
period (Figure 5.4B), in both the unstimulated and stimulated conditions. Secondly,
seeing the slight differences in cell state presentation in EEOs from donors taking
exogenous hormones at endometrial biopsy collection, | also looked at better
characterising the cellular composition of EEOs from these donors. The next

sections describe the results obtained.

Organoids from donors with/without endometriosis

Initially, | considered all of the 8 EEO lines when looking at the cellular composition
of organoids from endometriosis cases and controls (Figure 5.7A) and observed a
higher proportion of the proliferative L GR5-like, unstimulated_E2-induced and
unstimulated_Pre-secretory populations in EEOs from controls (i.e. donors without
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endometriosis). The EEOs from endometriosis cases on the other hand had a higher
proportion of the unstimulated MUC5B+PAEP+, unstimulated Luminal-like,
stimulated_Pre-luminal and stimulated_Luminal-like cells (Figure 5.7A). In order to
remove any potential heterogeneity introduced by including EEOs from the two
donors taking exogenous hormones at sample collection, | next removed these two
donor lines from the analyses. In addition, | also divided the dataset into
unstimulated EEOs and stimulated EEOs (Figure 5.7B & C) and analysed these
separately to understand the differences between control (n = 3) and endometriosis
(n = 3) EEOs when (i) cultured for 10 days in media with low amount of E2
(unstimulated) and (ii) cultured for 10 days in media with low amount of E2 and P4

(stimulated).

Unstimulated EEOs

In the unstimulated conditions, 25% of the EEO cells from endometriosis cases were
the unstimulated_ MUC5B+PAEP+ state which was higher than in control EEOs
(~10% of all cells). Moreover, the proportion of the unstimulated_Luminal-like
population was higher in endometriosis EEOs (~20%) when compared to controls
(~7%). In contrast, the control EEOs consisted of ~20% proliferative_LGR5-like
cells while this cell state contributed ~10% in endometriosis cases. Moreover, a
higher proportion of the unstimulated_E2-induced and unstimulated_Pre-secretory

populations were characteristic of control EEOs (Figure 5.7B).
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Figure 5.7: EEOs in endometriosis cases and controls. Shown are UMAP projections
of the organoid data coloured by disease status. In (A) data for all 8 EEO lines is shown
together with the percentual contribution of each cell state identified to EEOs from controls
and endometriosis cases. In (B) and (C) data for 6 EEOs is shown - 2 lines from donors
taking exogenous hormones have been removed. The cellular composition of EEOs in
controls and endometriosis cases is shown for the unstimulated condition (B) and
stimulated condition (C). Abbreviations: EEO, endometrial epithelial organoids; Prolif,
proliferative; Stim, stimulated; UMAP, uniform manifold approximation and projection;
Unstim, unstimulated.
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Stimulated EEOs

Exposing the EEOs to progesterone led to changes in their cellular composition
(Figure 5.7C). In the endometriosis EEOs, the unstimulated MUC5B+PAEP+
population decreased in its numbers with only ~7% of the total cells assigned this
identity. In controls this number was reduced to ~2%. Moreover, in both
endometriosis and control EEOs the unstimulated_Luminal-population was almost
absent but instead an increase in the stimulated_Pre-luminal population was
observed, making up ~37% of endometriosis EEOs and only ~20% of control EEOs.
The control EEOs were also characterised by a higher proportion of
unstimulated_Pre-secretory (~15%) and the intermediate population (~18%) when
compared to endometriosis cases (~3% and ~5%, respectively). Lastly, the
stimulated_Luminal-like population was observed to a higher extent in

endometriosis EEOs at ~7% as compared to ~1% in controls.

Gene expression differences

Next, | considered the differences between cases and controls at the gene
expression level. | performed differentially expressed gene (DEG) analyses for both
the unstimulated and stimulated conditions separately. In both the unstimulated and
stimulated EEOs, higher expression of e.g. MMP7 and UGT2B7 was observed in
controls when compared to cases. In EEOs from endometriosis cases higher
expression of TFF3, SELENOP and CP was detected (Figure 5.8). In addition, in

the stimulated condition, EEOs from controls had higher expression of SERPINAS.
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Figure 5.8: Gene expression profiles of unstimulated and stimulated EEOs.
Expression levels of example genes that were found to be differentially expressed between
cases and controls in the unstimulated condition (A) or stimulated condition (B) are shown
as violins for each cell state. Violin colours represent the disease status. Orange rectangles
highlight cell state-specific differences in gene expression between control and
endometriosis EEOs. Abbreviations: EEO, endometrial epithelial organoids; Prolif,
proliferative; Stim, stimulated; Unstim, unstimulated.

Looking at the gene expression difference on a cell state level showed that e.g.
expression of MMP7 is indeed higher in control EEOs overall, with biggest
differences in expression between cases and controls observed in the

proliferative_LGRS-like and KRT17/inflammatory cell states (Figure 5.8A). With
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regards to the higher expression of TFF3 in endometriosis cases, more specifically
the biggest differences were detected in the unstimulated_ MUCS5B+PAEP+ and
unstimulated_Pre-secretory populations (Figure 5.8A). In the stimulated condition,
higher expression of SELENOP and SERPINA3 in EEOs from endometriosis cases
was seen in the stimulated Pre-Secretory, stimulated Pre-Luminal and

stimulated_Luminal-like cell populations (Figure 5.8B).

Organoids from donors taking exogenous hormones

To explore whether taking exogenous hormones at sample collection affects the
cellular composition of the derived EEOs, | included three such samples in my
experiments. Due to time constraints, here | only present data for two of these
samples: one from a donor taking the progestin-releasing pill Desogestrel and one
from a donor taking the progestin-releasing pill Norethisterone (Figure 5.9A). While
cells from these donors clustered with those of not taking any exogenous hormones
at sample collection, it can be observed that a predominant feature of the EEOs
from the donor taking Norethisterone is a high proportion (~28% of all cells) of the
unstimulated_E2-induced population and the unstimulated_Hormones population
(~10%). This is in contrast to the EEOs from a donor taking Desogestrel,
characterised by the presence of the unstimulated Pre-Secretory population
(~21%) and the stimulated_Pre-Secretory state (18%). These differences may be
due to the fact that these two hormonal treatments have varied effects on the
endometrium (Desogestrel highly suppresses ovulation, leading to amenorrhea,
while Norethisterone does not exhibit such profound effects?®’, suggesting that
these effects may have persisted in the in vitro culture and affected the response of

EEOs to hormonal stimulation.
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Figure 5.9: EEOs from donors taking exogenous hormones. Shown is an UMAP
projection of the data coloured by hormonal treatment taken at sample collection (A). In (B)
the cellular composition of samples is shown for the two hormonal treatment groups.
Abbreviations: EEO, endometrial epithelial organoid; Prolif, proliferative; Stim, stimulated
UMAP, uniform manifold approximation and projection; Unstim, unstimulated.

5.4.2 Endometrial epithelial organoids and stromal cell co-cultures

| established four endometrial epithelial organoid and stromal cell co-cultures (EEO-
ES) and optimised a protocol for their dissociation into single cells. Upon culturing
with and without hormonal stimulation mimicking the menstrual cycle as described
above for EEOs, the four EEO-ES lines underwent scRNAseq analyses. The
matched EEO and ES cell lines came from donors with/without endometriosis and

those taking exogenous hormones at sample collection (Table 5.8).

5.4.2.1 scRNAseq data generation and QC

Cell viability upon tissue dissociation was high (~85-90%) and in total, the data for

46,217 high QC cells are presented in this chapter (Table 5.8). 55% of all cells
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analysed came from the unstimulated cultures and 45% from the stimulated ones.
Cell recovery for line FX1146 processed in the first batch was ~10x lower than for
the rest of the lines processed in batch two, indicating an issue with cell

encapsulation and capture inside the 10x Chromium platform (Table 5.8).

Table 5.8: Overview of EEO-ES lines data is presented for in this chapter.

Control Total cell
Line ID Endometriosis Unstimul Stimul
number
Hormones
FX1146 C 731 919 1,650
SEO03 C 9,536 5,596 15,132
FX1125 E 7,015 7,133 14,148
FX1294 C-H 7,931 7,356 15,287
Total N/A 25,213 21,004 46,217

Abbreviations: C, control; C-H, control taking exogenous hormones at sample collection;
E, endometriosis; EEO-ES, endometrial epithelial organoid and stromal co-culture; Stimul,
stimulated; Unstimul, unstimulated.

Morphologically, at day 10 the EEOs in the EEO-ES co-cultures exhibited a similar
phenotype in both the unstimulated and stimulated groups (Figure 5.10A). The
EEOs had a thick lumen, and exhibited more folding and tortuosity than EEOs
cultured on their own in Matrigel only, as described in the previous sections.
Interestingly, the EEOs formed gland-like structures resembling those observed in
vivo and even lumen-like structures when the EEOs expanded and grew at the
periphery of the hydrogel (Figure 5.10Aa). The high viability upon dissociation
confirmed the structures formed were healthy and not necrotic even though their

shape and darker appearance differed from the EEOs cultured on their own.
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Figure 5.10: Hormonal stimulation of EEO-ES lines. Representative images of
organoids at day 10 for unstimulated and stimulated conditions are shown in (A). White
arrows highlight the EEOs, black arrows ES cells and yellow arrows in Aa show a folded
and tortuous EEO, creating a lumen-like structure on the periphery of the hydrogel. In Ab
and Ad organoids forming invaginations and gland-like structures can be seen. Violin plots
in (B) represent the data distribution for number of genes, number of mMRNA molecules and
percentage of mitochondrial gene expression on a per cell basis for each of the culture
conditions. Abbreviations: D, day; EEO, endometrial epithelial organoids; ES, endometrial
stromal.

With regards to scRNAseq data QC, the number of genes, mMRNA molecules and
mitochondrial gene expression per cell detected for the unstimulated and stimulated

EEO-ES was comparable (Figure 5.10B), with only a slight increase in the number
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of genes per cell observed in the stimulated group (Figure 5.10B). Of note is that
while the mitochondrial gene expression per cell detected for the majority of the
cells was within the acceptable range (up to 20%), there was an increase in this
metric in the EEO-ES cells when compared to EEOs only (Figure 5.4C). This was

likely caused by the dissociation of the EEO-ES cultures and hydrogels with trypsin.

5.4.2.2 Cell state annotation of the co-culture system

Overall, good mixing of the donor lines was achieved through data integration
(Figure 5.11B). | defined 15 cell states when analysing the EEO-ES data, grouping
these under two main categories: epithelial and stromal cells (Figure 5.11A). The
next sections describe the cell states detected in each of the groups, their marker

gene expression and resemblance to in vivo endometrial cells.

Epithelial cells

The ciliated cells were identified based on canonical marker gene expression
described throughout this thesis. Due to the low number of ciliated cells in the EEO-
ES system, more granular annotation of this population was not performed. The
cycling_epithelial cells were identified based on the cell cycle phase score (Figure
5.11B) and expression of markers described in Chapter 4 (Figure 5.11D). Utilising
marker gene expression reported previously and in this thesis, the proliferative-
like_SOX9+LGRS5- population was assigned its name and identity. It expressed
SOX9, lacked LGRS and in this system highly expressed FGF18. The E2-response,
unstimulated_ MUC5B+PAEP+ and KRT17/inflammatory populations were
identified based on the marker genes | defined in the EEO system (Figure 5.11D).

This suggests that these populations and markers are robust and present in both
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the EEO and EEO-ES culture systems. The unstimulated_Luminal-like cell state
shared some marker gene expression with the Luminal/Secretory-like population,
but at much lower levels and uniquely expressed STCZ2, IGFBP5 and SLC2A1. The
Luminal/Secretory-like population expressed markers of both the luminal (LEFTY1,
PTGS1, LGR5) and secretory cells (SCGB1D2) and was thus assigned a name

reflecting its luminal and secretory phenotype.

Stromal cells

As described for the cycling_epithelial cells, cycling_stromal cells were identified
based on their cell cycle phase score and expression of markers related to the cell
cycle (Figure 5.11B & D). The rest of the stromal cells appeared along a continuum
with shared marker gene expression and expression of some distinct markers that
were used for naming the clusters identified. The eS_THY1+ cell state expressed
mesenchymal stem-cell markers such as THY1, PDGFRB, NOTCH3 but also
markers of perivascular cells (RGS5, MYO1B and PAG1) described in Chapters 3
and 4. The eS_CPE+ population highly expressed CPE, MMP11, TDOZ2Z and to a
lesser extent RGSS. The eS_CXCL12+ cells were characterised by the expression
of CXCL12, CCDC80 and OSR2 (Figure 5.11D). The eS_IGBP6+ population
expressed IGFBP6, WLS and SFRP1 while the eS_ISG15+ cells uniquely
expressed ISG15, MX1, IFIT1, and IFIT3. The population expressing markers
expressed by decidualised stromal cells (e.g. MMP2, PTGDS, FGF7) was named
dS-like but also highly expressed CRABPZ2, a marker of proliferative phase eS cells

(Figure 5.11D).
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Figure 5.11: Single-cell map of unstimulated and stimulated EEO-ES cultures. Shown

are UMAP projections of the data coloured by the main cell states identified (A), in (B) by
donor line ID and cell cycle phase. In (C) an UMAP projection coloured by the stimulation
status and the percentual contribution of the unstimulated and stimulated EEO-ES cells to
the main cell states identified is shown. The dotplot in (D) shows the variance-scaled, log-
transformed expression of marker genes (x-axis) characteristic for each of the cell states
(y-axis). Abbreviations: dS, decidualised endometrial stromal; eS, non-decidualised
endometrial stromal; Prolif, proliferative; Stim, stimulated; UMAP, uniform manifold
approximation and projection; Unstim, unstimulated.
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Unstimulated vs stimulated EEO-ES cells

Comparing the cellular composition of EEO-ES in the unstimulated and stimulated
conditions did not show notable differences with most cell states present in both the
stimulated and unstimulated groups at proportions expected based on the total
number of cells profiled (Figure 5.11C). Only the unstimulated_ MUC5B+PAEP+
population consisted of a larger proportion of cells (~78%) from the unstimulated
group. Similarly, the E2-response population with ~62% of all its cells coming from
the unstimulated group decreased in its numbers upon treatment with progesterone.
In contrast, treatment with progesterone led to an increase in the dS-like cells, with

~60% of this population coming from the stimulated group.

Endometrial epithelial and stromal cells in vitro and in vivo

To assign the in vitro cell state identities, | considered marker gene expression
established for the different cell states in Chapters 3 and 4, literature search, but
also logistic regression predictions (Figure 5.12). Using the transcriptomic
signatures of the main in vivo endometrial epithelial cell states (ciliated, glandular,
glandular_secretory, luminal, MUC5B, proliferative, proliferative_LGR5, TENM2),
and endometrial stromal cells (dS, eS and intermediate) the logistic regression
model assigned the ciliated, proliferative_L GRS, luminal and eS cell identities with
high probabilities (Figure 5.12B). Similarly, in the EEO system, the MUC5B
population was identified as a separate cluster, but the probability of the
assignment/prediction was low (Figure 5.12B). Taken together, the data showed
that the ciliated, proliferative_LGRS5, luminal and eS populations in vitro were
transcriptomically highly similar to those observed in vivo. The remaining cell

populations queried were not predicted to be present in the EEO-ES system, either
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at all or with very low probabilities, highlighting differences between the

transcriptomic profiles of in vivo and in vitro endometrial cell states.
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Figure 5.12: In vivo to in vitro endometrial cell state predictions. Shown are UMAP
projections of the EEO-ES system data with cells coloured by the predicted in vivo reference
cell states using a logistic regression model (A). In (B) cells are coloured by the probabilities
with which the cell states were assigned. Abbreviations: dS, decidualised endometrial
stromal; eS, non-decidualised endometrial stromal; LR, logistic regression; Prolif,
proliferative; UMAP, uniform manifold approximation and projection.

5.5 Discussion

In summary, in this chapter | presented the scRNAseq data generated for EEOs (n
= 8) and EEOs co-cultured with stromal cells (n = 4), both in the unstimulated and
stimulated conditions. The cultured and analysed cells came from endometrial
biopsies of donors with/without endometriosis and those taking exogenous
hormones, confirming EEOs can be generated successfully from a variety of
samples. | described the cellular heterogeneity of both the epithelial and stromal cell
lineages of the two model systems. Even though the data from the various donors
integrated well, | observed differences between EEOs from donors taking
exogenous hormones at sample collection and those that did not. Moreover,
differences in the cellular composition of EEOs from donors with/without
endometriosis were identified. Some of the findings are discussed in more detail in
the below sections.
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5.5.1 Cellular composition of EEOs

Cell state annotation

Annotating and assigning names to the different cell populations was challenging
due to the lack of a well-defined cellular reference and marker genes for EEOs, as
well as the inconsistencies across media composition and stimulation protocols
used by the previous studies (as described in this chapter’s introduction). These
factors made the extrapolating of previous findings difficult. However, | did find that
using the logistic regression model to project the in vivo reference cellular identities
in combination with the cluster-specific marker genes helped me navigate the
cellular heterogeneity observed. The names assigned therefore represent where
certain cell populations were like some of those in vivo (e.g. proliferative_LGR5-like
state) or expressed markers typical of a well-defined population (e.g. luminal), but
at a lower level, suggesting that they were transitioning towards such a fate (e.g.

pre-luminal, pre-secretory states).

The names used here; however, include a substantial amount of inference and
speculation based on one final time point of the culture period and require further
refinement through analyses of the culture system at different timepoints, ideally
utilising approaches that allow direct measurement of how cell fates and lineage are
established. Gene editing tools allowing such studies have been described for e.g.
lung organoids??®, offering the opportunity to perturb gene expression in order to
model development, function and disease phenotypes in tissue-derived organoids.
In the future, such approaches could also be applied to EEOs and help better
understand and define the cell fate decisions in both the unstimulated conditions

and in response to hormonal stimulation.
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In comparison to other scRNAseq EEO studies, the cell states that were
recapitulated here (based on marker gene expression) included: the pre-ciliated,
ciliated, KRT17/inflammatory and E2-induced states®. The exact presence of the
MUC5B* cell state reported by Tan et al.%° cannot be determined, as the cellular
heterogeneity and marker gene expression of this cell state was not further
characterised in the study. The unstimulated_MUC5B+PAEP+ cell state identified
in this chapter should now be investigated in my in vivo endometrial cells/nuclei
reference reported in Chapters 3 and 4, where heterogeneity of the MUC5B
population was noted, but not explored further. It may be that a subset of
MUCSB+PAEP+ cells also exists in vivo, but was not defined. If as suggested by
the Tan et al. study, MUCS5B" cells are involved in endometrial regeneration and are
found in endometriotic lesions, better understanding of this population both in vivo
and in vitro is required, especially, identifying what signals are needed for its
maintenance and proliferation. The Tan et al. study reported that growing organoids
from sorted MUCSB* cells led to quicker growth and larger organoid size when
compared to MUCSB- cells. However, EEOs also grew well from MUCS5B- cells and
later in culture started to express MUCSB. This suggests some sort of plasticity of
endometrial cells in vitro, warranting further investigation. Once again, studies
utilising gene editing tools (e.g. through overexpression or knockout of MUC5B)
could help dissect the role of MUC5B expression in EEO formation and endometrial

regeneration.
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EEOs grown in unstimulated and stimulated conditions

In this chapter, | reported for the first time the single-cell transcriptomic profiles of
cells grown in the media defined by Boretto et al.8% and an adapted version of their
hormonal stimulation protocol. Unsurprisingly, the response and transcriptomic
profiles of EEOs reported in this chapter differed from those reported in the Garcia-
Alonso et al. study®, where the media composition and hormonal stimulation was
based on the Turco et al. protocols®*. For example, growing EEOs in media without
E2 followed by stimulation with E2 for 2 days succeeded by 4 days of E2, P4, cAMP
and PRL led to higher expression of PAEP?%8, a marker of secretory glandular cells,
which | did not observe in my dataset. In my data, the expression of PAEP was
highest in the unstimulated_ MUCS5B+PAEP+ population which decreased in its
numbers upon stimulation with P4. No distinct MUCS5B+ population was reported by
Garcia-Alonso et al. suggesting that culturing EEOs in media with low amounts of

E2 (as reported here) may induce such a cell state/phenotype.

Moreover, given that the most differentiated glandular secretory cell state could not
be observed in either the Turco et al. nor Boretto et al. media and hormonal
stimulation protocols, it is likely these protocols model earlier stages of the secretory
phase of the menstrual cycle. This would be supported by the morphological and
gene expression changes observed. Conventionally though, the in vivo menstrual
cycle takes 28 days while in vitro this has been reduced to 6 days (Garcia-Alonso
et al.) and 10 days (my study). It is not surprising that the shorter in vitro stimulation
period and lack of other endometrial cell types in EEOs are not sufficient to induce
the more differentiated glandular secretory phenotype. In addition, to achieve the

desired hormonal stimulation effect, various concentrations and formulation of the
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hormones used need to be tested and benchmarked. Previous studies examining
cultured stromal and epithelial cells indicated differential effects of P4 vs MPA vs
cAMP stimulation??7:228, Therefore, reviewing their rate of metabolism in vitro, gene
expression changes they induce and what concentrations and combinations best
mimic the changes associated with the progression of the menstrual cycle are now

required for EEOs.

EEQOs from donors with/without endometriosis: unstimulated condition

There appeared to be differences between EEOs from endometriosis cases and
controls in both the unstimulated and stimulated conditions. In the case of the
unstimulated EEOs, the data suggested that the control EEOs exhibited more of a
oestrogen-responsive proliferative phase endometrial signature, with a higher
proportion of the proliferative LGR5-like and EZ2-induced populations when
compared to endometriosis EEOs. The significantly higher expression of matrix
metalloproteinase 7 (MMP7) and UDP Glucuronosyltransferase Family 2 Member
B7 (UGT2B7) in control EEOs further suggests a differential response of control and
endometriosis EEOs to the culture media with low amounts of E2 (i.e. the
unstimulated condition) for a number of reasons. Firstly, MMP7 has been reported
to be highly expressed in epithelial cells during the proliferative phase of the
menstrual cycle and at the single-cell level specifically expressed by the different
proliferative SOX9* cell states®22°, Secondly, UGT2B7 has been reported to be
important for the final inactivation and elimination of oestrogens?®°, reducing their
biological activity and preventing their metabolism into hydroxy-oestrogens, which
can have a mutagenic potential?3'. In the context of endometriosis, decreased

expression of UGT2B7 has been reported in ovarian endometriomas when
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compared to healthy endometrium?32. The overall disturbed oxidative oestrogen
metabolism was linked to an increase of hydroxy-oestrogens and reactive oxygen
species in the ectopic location, causing ectopic endometrium proliferation?32. If such
disbalance already exists at the level of the eutopic endometrium, as suggested by
the EEO data, it could explain how endometrial epithelial cells misplaced during
retrograde menstruation may exhibit an advantage of more extensive proliferation

in ectopic locations in women with endometriosis.

With regards to genes upregulated by endometriosis EEOs, high expression of
trefoil factor 3 (TFF3), ceruloplasmin (CP) and selenoprotein P (SELENOP) was
observed. However, only TFF3 has been studied in more detail at the level of the
endometrium, with its expression localised to endometrial glands (reported to be
rare) and the endocervix?33234  In endometriosis, TFF3 has been detected in
endometriotic lesions and at increased levels in the peritoneal fluid of women with
endometriosis?3%. Moreover, expression of TFF3 has been reported in endometrial
cancers?*%237 and more widely, in a range of chronic inflammatory diseases?382%,
TFF3 has been reported to be involved in epithelial cell proliferation, differentiation,
as well as migration and antiapoptosis?*%243, all properties that would provide a
selective advantage once these cells reach the ectopic locations. The high
expression of TFF3 in endometriosis EEOs, especially in the
unstimulated_ MUCS5B+PAEP+ and pre-secretory populations now require further

investigation.
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EEQOs from donors with/without endometriosis: stimulated condition

With regards to the EEO response to stimulation with P4, the data suggested that
EEOs from controls when compared to endometriosis EEOs, responded in a more
‘mild’ way, i.e. the proliferative phase phenotype and cellular composition was
maintained (e.g. observing high MMP7 and UGTZ2B7 expression, presence of the
unstimulated_LGRS5-like state), but there was a shift towards the intermediate and
also luminal-like states. In the case of the endometriosis EEOs, treatment with P4
resulted in a phenotype where a higher number of cells were assigned the pre-
luminal and luminal-like identities when compared to control EEOs. Higher
expression of serpin family a member 3 (SERPINA3) was associated with these
cellular states in endometriosis EEOs and requires further investigation, especially,
as SERPINA3 has been reported to be involved in promoting endometrial cancer
cell growth and inhibiting apoptosis?** as well as an important factor in a multitude

of other pathologies?#°.

Taken together, the results highlighted a differential response to both E2 and P4
treatment in control and endometriosis EEOs, highlighting the utility of the model
system to study endometrial cell response to hormones once the system has been
fully benchmarked. Such studies are of particular relevance in endometriosis where
disturbed E2 and P4 signalling has been reported extensively but with conflicting
findings246-247. EEOs could serve as a useful tool for functional validation and further

study of E2/P4 signalling in the context of the endometrium.
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EEOs from donors taking exogenous hormones

The observed differences between donors taking and not taking hormones at
sample collection could be explained by a variety of factors. First, it is possible that
the effect of exogenous hormones on endometrial cells persists for an extended
period of time in the in vitro conditions, and the length of the effect can be influenced
by the type, formulation and metabolism of hormones taken. Second, any
differences seen could have simply been due to the heterogeneity of endometrial
cells from different donors, suggesting a donor-specific effect irrespective of taking
exogenous hormones. Both scenarios are plausible and will need to be addressed
in the future to determine if and how long the effects of exogenous hormones persist
in vitro and whether this may influence the EEQO’s response to further perturbations.
As described in Chapters 3 and 4, globally millions of women take exogenous
hormones on a daily basis, making it a worthwhile endeavour to better understand
if and to what point the effects of exogenous hormones are reversed in vitro, and
thus allow for an unbiased comparison between cultured cells from donors taking

and not taking hormonal treatment.

5.5.2 Cellular composition of the EEO-ES system

For the first time in this chapter, | reported the generation of sScRNAseq data for the
EEO-ES model system that uses a functionalised synthetic hydrogel developed by
Professor Linda Griffith’s team. In this pilot study, | generated data from four donors
only, utilising samples from a variety of conditions (donors with/without
endometriosis, taking hormones). The effect of these conditions could not be
compared or evaluated due to the low number of lines analysed. However, the
general trends with regards to the cellular heterogeneity observed and in

comparison to EEOs are discussed in more detail below.
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Epithelial cell lineage heterogeneity

One striking difference between the EEO and EEO-ES systems, was the low
number of ciliated cells detected in EEO-ES cultures. In the EEO only system, a
reduced number of ciliated cells and an increase in the number of secretory cells
was reported when EEOs were treated with WNT pathway inhibitors®. This
suggests that in the EEO-ES system, the stromal cells may be able to induce such
a WNT inhibitory environment through cell-cell signalling, leading to the reduction in
the number of ciliated cells observed. Stromal cells undergoing decidualisation are
known to secrete WNT pathway antagonists?*® and this WNT inhibitory
phenomenon was, to some extent, likely recapitulated in this EEO-ES model
system. However, such a WNT inhibitory environment is important for the secretory
phase glandular/glandular secretory epithelial identity®®, but this cell state was not
detected in either the EEO-ES or EEO only model systems. Considering the marker
gene expression observed, in both model systems some secretory gene expression
was detected (e.g. SCGB1D2 and SCGB2A2), but SCGB2A2 (a glandular secretory
marker) was only lowly expressed in both systems. This further highlights that
achieving the glandular secretory phenotype in vitro requires additional signalling.
Such signalling could, for example, come in the form of endogenous WNT inhibition
from a more decidualised stromal cell state than the one achieved in this thesis in
the EEO-ES system. This would be of particular relevance, as in vivo the cellular
crosstalk between epithelial and stromal cells determines their response to
endogenous hormones, specifically progesterone, and thus regulates the epithelial

cells’ secretory phenotype.
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Interestingly, a population detected in the EEO-ES system, but not EEOs, was the
proliferative-like_SOX9+LGRS5- population. The marker gene expression was very
similar to that of the proliferative cell state described in Chapters 3 & 4 in vivo (i.e.
expressing SOX9 but lacking LGRS expression). This was in contrast with the
proliferative L GR5-like population detected in EEOs that expressed SOX9, WNT7A
and LGRS, resembling the proliferative_LGRS population described in vivo. Given
the spatial location of these different cell states across the endometrium described
by the Garcia-Alonso et al. study, the results suggest that the EEO-ES system more
closely resembles the proliferative glandular cell population found in the deeper
regions of the endometrium (SOX9*LGRY5"), while the EEO system captures the
proliferative_LGRS5 population (SOX9°LGR5™) located in the more superficial part of

the endometrium, specifically the lumen.

When comparing marker gene expression, epithelial cell populations found in both
the EEO-ES and EEO model systems included the cycling, KRT17/inflammatory
and unstimulated_ MUC5B+PAEP+ cell states. The E2-response population in
EEO-ES did not express the same marker genes as the E2-induced population in
EEOs and was thus given a different name. The E2-response population still
expressed markers such as PGR (indiciating E2 response) but also genes such as
solute carrier family 7 member 2 (SLC7AZ2) and carboxypeptidase M (CPM) thought
to be involved in amino acid transmembrane transporter activity and control of
peptide hormone growth factor activity at the cell surface, respectively?*®2%0. The
cellular and transcriptomic response to E2 and P4 was therefore likely different in

the EEO-ES and EEO systems.
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Taken together, to fully understand the transcriptomic resemblance and differences
of the epithelial cells from both the EEO and EEO-ES systems, in the future, these
cells should be integrated and analysed in a joint manifold. Such an approach would
allow for a more comprehensive analysis and understanding of how the
transcriptomic profiles of epithelial cells change when they are cultured alone

(EEOs) or in the presence of stromal cells (EEO-ES).

Stromal cell lineage heterogeneity

Across the stromal cell states identified, more of a continuous marker gene
expression was observed when compared to the epithelial cells states, suggesting
a more fluid transition between the different cell states. Of interest is the
identification of the eS_THY1+ population which expressed markers previously
described for endometrial mesenchymal stem cells (e.g. THY1, PDGFRB,
NOTCH3)167.170.251.252 gnd the expression of perivascular cell markers (e.g. RGSS5,
MYO1B, PAG1) reported in Chapters 3 and 4 for PV cells. Higher expression of
PDGFRB and RGS5 was also observed in the eS_CPE+ cell state which highly
expressed carboxypeptidase E (CPE), tryptophan 2,3-dioxygenase (TODZ2) and
MMP11. CPE expression has not been studied in the endometrium, but is reported
to play a role in processing peptide prohormones and in the mouse brain was found
to promote differentiation of neural stem cells by negatively regulating the WNT/B-
catenin signalling in these cells?®3. Since the WNT/B-catenin signalling pathway has
been reported to play a crucial role in endometrial mesenchymal stem cell
maintenance and regulation?®*, one could speculate that in the EEO-ES system, the
eS_THY1+ population is the most undifferentiated stem-cell population uniquely

expressing NOTCH3, while the eS_CPE+ is a more differentiated/transitioning
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population. As discussed for the EEO findings earlier, analysing more time points
during the culture period and using lineage-tracing approaches could help better
characterise the transitions between the stromal cell states identified, as well as
understand what role perivascular cells might play in the establishment and

differentiation of what we consider to be/call endometrial stromal cell cultures.

Another population expressing marker genes involved in WNT pathway regulation
was the eS_IGFBP6+ cell state, expressing WNT ligand secretion mediator (WLS),
secreted frizzled related protein 1 (SFRP1) and insulin growth factor binding protein
6 (IGFBP6). WLS is thought to ensure intracellular trafficking of WNT to the cell
surface?®52%, while SFRP1 is a soluble modulator of WNT signalling and has been
reported to be elevated in the proliferative phase endometrium and also
endometriotic lesions?%’. In addition, expression of SFRP1 was reported to be most
likely directly regulated by E22%7, which would be in line with an increased IGFBP6
expression in this cell state, also found to increase in expression upon treatment
with E2 in a number of different cells?%825°, Taken together, it can be hypothesised
that in response to E2, this cell state plays a role in modulating WNT pathway

signalling in the EEO-ES system.

Interestingly, in the EEO-ES system, | also identified the eS_ISG15+ population
characterised by high expression of markers involved in interferon signalling and
innate immunity functions, such as interferon induced protein with tetratricopeptide
repeats 1 and 3 (/IFIT1 and IFIT3), MX dynamin like GTPase 1 (MX1) and the
interferon-induced ISG15 ubiquitin-like modifier (/ISG15). While | did not detect such

a population in my in vivo data presented in Chapters 3 and 4, an ISG15+ stromal
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population has been reported previously in a scRNAseq in vivo study profiling
human endometrial stromal cells from proliferative phase endometrium'’°. Both the
in vivo 1ISG15+ population and the in vitro one defined in this chapter shared the
expression of many markers. The in vivo study suggested this ISG15+ population
could represent an activated stromal cell population, playing a role in
immunomodulation and tissue regeneration'’®. However, interferon signalling also
plays an important role in implantation and early pregnancy leading to stromal
decidualisation?®?2' and abnormal /ISG15 expression has been reported in
endometrial cancer?®?. The exact function of this stromal population in vitro should

now be investigated further.

Lastly, the dS-like population identified in the EEO-ES system expressed markers
suggestive of emerging decidualised stromal cells, e.g. prostaglandin D2 synthase
(PTGDS), MMP2, and fibroblast growth factor 7 (FGF7), with PTGDS and MMP2
previously reported as markers for decidualised stromal cell®®. PTGDS expression
has been found to peak in the mid-secretory phase endometrium?®® and drop when
progesterone withdrawal is caused by administering the antiprogestin
mifepristone?®*. Therefore, the PTGDS expression seen here may have been
observed as a result of the EEO-ES system’s response to P4. However, the dS-like
population reported here also highly expressed cellular retinoic acid binding protein
2 (CRABP2), a marker of non-decidualised stroma®, highlighting that further
stimulation/different signalling is needed to induce a true decidual stromal cell

differentiation in vitro.
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Effects of hormonal stimulation

In the EEO-ES system, the effect of the stimulated conditions (i.e. reducing E2
levels and adding P4) did not appear to have a significant effect on the cellular
composition of the co-cultures. However, some indication of a difference between
the unstimulated and stimulated conditions included the increase in dS-like cells
and reduction in unstimulated_ MUC5B+PAEP+ and E2-response epithelial cells
after treatment with P4. Multiple factors can be responsible for the lack of a more
prominent response, including fast metabolism of P4 by having both stromal and
epithelial cells growing together as well as unknown permeability of the synthetic
hydrogel to both E2 and P4 in this system. Assessing the amount of E2 and P4
before and after media changes could help address the question of how much is
likely reaching the cells/to what extent E2 and P4 are being metabolised.
Nonetheless, the results show that in this culture system, the stimulation protocol
needs to be adjusted to reflect the more complex cellular nature and hydrogel

properties of the system.

5.5.3 Summary of future directions

In this chapter, | have presented an overview of the scRNAseq data showing the
cellular heterogeneity of 8 EEO lines. Whilst a further 3 samples were analysed, |
was not able to demultiplex and analyse these in time for this thesis. The next steps
will include analysing the remaining lines and repeating the analyses presented
here, so | can validate and better understand the effects of both taking exogenous
hormones at sample collection and deriving organoids from donors with/without

endometriosis have on the cellular make-up of the EEO lines established.
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Secondly, this chapter was of a descriptive nature, but with a larger number of EEO
lines included, | will focus on performing further more quantitative analyses, such
as cell-cell communication, trajectory inference and DEG analyses to compare the
response of the various cell states identified to the unstimulated and stimulated
conditions. Moreover, deciphering cell-cell signalling between the epithelial and
stromal cells in the EEO-ES co-cultures will be of great interest to better understand
the signalling pathways and cellular events leading to the phenotypes observed.
Trajectory inference analyses will on the other hand help me evaluate my
hypotheses about the stem-cell nature of the eS_THY1+ population and its likely

transition/differentiation into the other cell states described.

Thirdly, as mentioned throughout the discussion, in the future, additional time points
should be included and analysed to help with defining which cell states appear at
what stage of the culture protocol. Moreover, given the lack of a significant response
upon treatment with P4 in the EEO-ES system and weak response (e.g. lack of
PAEP expression) in the EEO system, the hormonal stimulation protocols need to
be optimised and benchmarked against the existing data and in vivo reference cells.
Experimenting with and testing different concentrations, exposure periods and
combinations of hormones (E2/P4/MPA/PRL) but also other signalling molecules
(cAMP, WNT pathway inhibitors) could help us to achieve the differentiation of the
epithelial cells into the glandular/glandular secretory states and the stromal cells
into decidualised stroma that have not been recapitulated in the current culture

conditions and systems described.
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Lastly, the future steps would also include validation of the findings described
throughout this chapter and upon further data analysis using e.g. smFISH imaging
and immunofluorescence stainings to confirm the presence and location of the cell
states described in situ. To this end | have fixed and stored EEOs and EEO-ES co-
cultures for each of the conditions described. In collaboration with Miss Cecilia
Icoresi-Mazzeo (Staff Scientist, Wellcome Sanger Institute) we have conducted
preliminary smFISH experiments, showing that it is possible to stain and detect

smFISH signals from cryosectioned EEOs and EEO-ES co-cultures.

5.6 Conclusions

In summary, in this chapter | have presented scRNAseq data for EEO lines (n = 8)
and EEO-ES lines (n = 4), both in the unstimulated and stimulated conditions.
Firstly, my aim was to establish these culture systems in our laboratory and derive
endometrial EEO and ES cell lines from a variety of samples (i.e. from donors
with/without endometriosis and taking exogenous hormones at sample collection).
Succeeding at this aim and generating a small bank of the organoid and stromal cell
lines, | next set out to explore the cellular heterogeneity of the two culture systems
(EEOs and EEO-ES). Moreover, | looked into characterising the effects
endometriosis and exogenous hormones have on the cellular composition of the
EEO model system. To help annotate the cell states identified and understand the
transcriptomic similarities between endometrial cells in vivo and in vitro, | utilised
my annotated endometrial cell in vivo reference dataset from Chapter 3. Moreover,
| utilised the marker genes identified in both Chapters 3 and 4 to guide the cell state

assignment.
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To conclude, | have been able to address the aims set out for this chapter,
generating further hypotheses and research questions to test in the future. Both the
in vivo and in vitro cellular maps of the endometrium that | have generated and
described throughout Chapters 3-5 have the potential to serve as a great resource
for many other scientists working in the field of endometrial biology. The utility and
limitations of the work presented in this thesis are further discussed in the next, final

discussion and conclusions chapter.
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Chapter 6: Final discussion and conclusions

The title of this thesis promised to take the reader on a journey of exploring
endometrial cellular heterogeneity and its role in endometriosis using single-cell
transcriptomics. By looking at ~700,000 endometrial cells, both in vivo and in vitro,
across the menstrual cycle, under the influence of exogenous hormones and in
those with/without endometriosis, new cell populations were identified and many
new research questions and hypotheses formed. The cell populations and genes
identified are likely to be important in mediating endometrial function, and thus
require further investigation and validation as discussed throughout the thesis. For
now though, this is where the initial data analysis achievable during my DPhil
studies ends, but the journey and exploration undoubtedly continue as | move into
my next research role. This final chapter is therefore an opportunity to provide a
brief overview of the work presented in this thesis, and to discuss its major strengths

and limitations as well as its importance and where it can be taken next.

6.1 Thesis summary

The overall aim of this thesis was to characterise the transcriptomic signatures of
endometrial cell states that drive the dynamic changes of the human endometrium,
and pinpoint any differences specific to endometriosis. To do so, | generated
scRNAseq and snucRNAseq data from 75 individuals (53 endometriosis cases and
22 controls) and integrated the new data with two previously published scRNAseq
datasets profiling healthy endometrial samples. To build this large cellular atlas of
the endometrium, and to understand the unique features of each of the datasets, in
Chapter 3 | first focused on integrating the scRNAseq data only. The data served

as a starting point for defining the cell states present, including their marker gene
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expression, and generating hypotheses about the differences between the
endometrium of women with/without endometriosis. The number of samples
analysed was not well-balanced between the control and case groups across the

menstrual cycle, but hinted at dysregulated decidualisation in endometriosis cases.

To further validate the findings reported in Chapter 3, | turned to the larger set of
samples profiled using snucRNAseq and integrated it with the scRNAseq datasets
described in Chapter 3. By doing so in Chapter 4, | confirmed the presence of some
of the newly defined cell states, including the epithelial TENMZ2 and
hormones_ WNT7A populations, plus the intermediate cell state identified in the
mesenchymal cell lineage. The TENM2 and intermediate cell populations appeared
around the time of ovulation, while the hormones_WNT7A population was a feature
of exogenous hormonal treatment, specifically the Mirena coil IUD. Additionally, the
presence of a number of cell states detected in Chapter 3, but not recapitulated in
Chapter 4, highlighted their donor-specific properties. In contrast, a cell state
detected in larger numbers in the nuclei dataset included the MUCS5B population.
Lastly, when describing the differences between the endometrium of women
with/without endometriosis stratified based on the menstrual cycle phase, findings
consistent across the scRNAseq and snucRNAseq data included: (i) higher
proportion of cycling and proliferative epithelial cell populations in endometriosis
during the proliferative phase and (ii) a slight reduction in the number of dS cells in

the secretory phase.
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Finally, in my last experimental chapter, Chapter 5, | investigated the cellular
heterogeneity of two in vitro model systems of the endometrium - EEOs and EEO-
ES co-cultures - including their response to hormonal stimulation. Interestingly, the
two systems likely modelled two different epithelial cell states found in different
spatial locations of the in vivo endometrium. In the EEO-ES co-cultures | detected
a cell population transcriptomically similar to the one previously described in the
deeper regions of the endometrium (SOX9°'LGRS5") while in the EEO system it was
a population described in the luminal region (SOX9*LGR5*)%:1%*, Furthermore, the
EEO-ES co-cultures did not respond to the stimulation protocol used, while the EEO
cells did and exhibited unique features and cellular composition when derived from
donors with and without endometriosis. The presence of the
unstimulated_ MUC5B+PAEP+ population in endometriosis EEOs and differential

response to E2 and P4 now warrant further investigation.

6.2 Strengths and limitations

A major strength of this thesis is the inclusion of a large set of endometrial biopsies
with detailed clinical metadata from donors with/without endometriosis during their
natural cycles, but also when taking hormonal therapy. Larger sets of samples are
needed to fully account for the dynamic processes the endometrium undergoes,
and the changes that occur when exogenous hormones are administered if we are
to unpick what constitutes, for example, a menstrual phase signature from a
disease-specific one. Integration of multiple datasets and data sources can be a
very powerful tool to achieve such a sample size, but also when evaluating what
one’s findings mean in the context of previously published work. | see the

demonstration of such an approach - integrating multiple datasets and data sources
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(cells and nuclei) - as another strength of this thesis. It allowed me to contextualise
and harmonise my findings with respect to the previously published studies, helped
me evaluate the identification and naming of the different cell states both in vivo and
in vitro, and allowed me to use a large collection of banked samples. The updated
cellular map of the endometrium presented in this thesis can now be improved even

further by including more available datasets.

On the other hand, a major limitation of this thesis is its descriptive character. Many
of the more advanced computational and statistical analyses were not performed
due to the time-constraints and challenges faced. A major set-back included the
closure of our laboratory for an extended period of time during the Covid-19
pandemic, as well as prolonged cancellations of endometriosis surgeries. For this
reason, most of the samples used for scRNAseq and organoid derivation were only
collected during the final year of my studies and | thus did not have sufficient time
to perform more quantitative analyses. Nonetheless, this initial exploration of the
data allowed me to form new questions and hypotheses that | will be able to address

following the thesis submission.

Further limitations of the work presented here include the low number of samples
from menstrual and premenstrual phases of the cycle as well as a lack of more fine
annotation of the menstrual cycle phases. Such annotation and sample inclusion
would be key to fully describe the dynamic cellular and molecular changes occurring
across the menstrual cycle and characterising how both endometrial shedding and
regeneration take place. Moreover, including further samples of full thickness

endometrium would have also been of great importance in this endeavour as they
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would have provided cues into the events taking place in the deeper basalis layer

of the endometrium, an area that has been underrepresented and understudied.

Lastly, with regards to the in vitro work presented, one of the limitations includes the
lack of data for multiple time points during the culture protocol and hormonal
stimulation, and not analysing data for three EEO lines in time. A larger number of
lines would have been helpful to strengthen the validity of the differences observed
when comparing EEOs from donors with/without endometriosis and those taking
exogenous hormones at sample collection. On the other hand, one of the strengths
of the data generated is the fact that scRNAseq data are available for both the in
vivo primary endometrial samples as well as the EEO lines from the same donor
biopsy. In addition, data are also available for the matched EEO-ES lines and EEOs
cultured on their own from the same donors. In the future, this unique data
availability shall be harnessed to its full potential and utilised to characterise how
endometrial cells in vivo and various in vitro models differ. It will help by removing
an extra layer of complexity that is introduced by donor line heterogeneity when

making such comparisons using EEO and EEO-ES lines from different donors.

6.3 Implications of the work presented & future directions

Even when considering the limitations described above, the cellular map of the
endometrium presented in this thesis is the most comprehensive one built so far
and holds a great potential to serve as a reference for studying the endometrium in
both health and disease. Moreover, it can be used as a guide for improving in vitro
models of the endometrium, making them the most accurate representation of the

in vivo endometrium they can be. There is no doubt, however, that further work is
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needed before we can make full use of this resource. Below, | briefly discuss the

potential implications once this work has been finalised.

Endometrial function in health and disease

When it comes to endometrial function, there is still a lot we do not fully understand,
including how it regenerates on a monthly basis. Which cells and signals orchestrate
the shedding, growth, and differentiation in response to steroid hormones? How and
why are these signals disturbed in various pathologies? The map generated in this
thesis can help start answering these questions by reconstructing trajectories
leading to certain cell fate decisions and what cell-cell communication drives these
changes. The Garcia-Alonso et al.%% study has already nicely demonstrated how
such analyses can be incredibly informative; however, some cell states reported in
this thesis were not detected in the cellular maps reported previously®”-% and could
now help better define the dynamic transitions endometrial cells undergo across the

menstrual cycle and importantly, in response to exogenous hormonal therapy.

Another attractive application of the comprehensive map generated as part of my
studies is its use in interpreting how genetic variants associated with disease, such
as endometriosis, manifest at the cellular level. Linking endometriosis associated
single nucleotide polymorphisms (SNPs) with cell type-specific gene expression
obtained through scRNAseq could help evaluate the effects of genetic variation on
gene expression in individual cells. Performing single-cell expression quantitative
trait loci (sc-eQTL) analyses?®5-267 on the dataset presented here would be feasible
as we have both the genotyping and scRNAseq data for the donors analysed. Yet,

due to the dynamic nature of the endometrium, further samples will need to be
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profiled for such analyses to be meaningful. However, the linking of disease
associated SNPs and cell state-specific gene expression is also possible through
other approaches?68-2%° that do not require the genotype and scRNAseq data from
the same donors, but can still provide insights into whether GWAS-implied genes
are concordantly expressed in a particular cell state. As such, the cellular map
generated here could be queried for how genetic differences identified for other
uterine/endometrial diseases (e.g. fibroids?’?, endometrial cancer?’!, adenomyosis)

contribute to gene expression differences at the single-cell level.

Therapeutic interventions and modelling endometrial cells in vitro

Another important utility of the cellular map of the endometrium in vivo and in vitro,
is the discovery of targets for therapeutic interventions. By distinguishing how cells
behave in health and how in disease, we can design more efficient and targeted
approaches for treatment and diagnostics. For example, in the case of
endometriosis, it is of importance to maintain normal endometrial function and only
target the endometrial-like cells in ectopic locations. Current strategies using
contraceptive hormonal therapy are not suitable for those individuals who wish to
conceive and the severe side-effects that can come with such treatment are also
not acceptable for many. A deeper characterisation and comparison of the eutopic
and ectopic endometrial cells could aid the identification of therapeutic targets that
would specifically target the disease cells only. The recently published Tan et al.
and Fonseca et al. studies®'#* profiling endometriotic tissues could now be
integrated with the large dataset of eutopic endometrial cells | have generated here,

in order to investigate whether such targets could be identified.
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If successful, the in vitro model systems of both the endometrium and endometriotic
lesions®2% could be used to test and evaluate the effects of any new drugs,
assessing their response in a high-throughput manner using single-cell genomics.
However, in this regard, these model systems first need to be further benchmarked
and validated in order to understand their strengths and weaknesses in modelling
the cellular states and processes of interest. A well-defined cellular map of the
endometrium presented here will undoubtedly prove to be an invaluable tool in

benchmarking these in vitro systems.

6.4 Concluding remarks

| still remember the first time | searched PubMed® with the following key words
‘endometrium AND single-cell RNA-sequencing.’ There was a single hit - the 2016
Krjutskov et al. study profiling ~70 cultured stromal cells®. It was autumn 2018, |
had just started my DPhil and could not believe no one had ever looked at the
endometrium at the single-cell level. Fast-forward to 2023 and the same PubMed®
search yields a very different output. A number of studies have analysed the
endometrium in health and across various pathologies, providing initial insights into
the cellular and molecular functioning of this fascinating tissue. However, despite
the key role of the endometrium in perpetuating life and uterine/endometrial
disorders having a huge impact on millions of individuals globally?’.272.273,
generation of these cellular maps of the uterus/endometrium has lagged behind the
generation of cellular maps of other organs of the human body, both in time and
number of studies conducted. This is not surprising given the reproductive system
and its associated pathologies have been historically understudied?’# and as such

the existing knowledge gap requires ever more research attention.
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What becomes apparent, however, when sifting through the so far published single-
cell endometrial studies is that in most cases they are underpowered to account for
the inter- and intra-individual variability inherent to the ever-changing endometrium.
This obstacle can be overcome by e.g. integrating various datasets and profiling a
larger number of cells and samples - endeavours made possible through
technological advancements allowing simultaneous profiling of thousands of cells in
parallel’® and development of new bioinformatics tools??2. Another challenge
though is that the nomenclature, marker gene expression and bioinformatic
analyses are far from harmonised across the published datasets, making it difficult
to compare the findings and cell states reported in different studies. Detailed
annotation of both the transcriptomic and clinical data, data sharing, standardisation
of nomenclature, data analysis and results reporting is absolutely essential if the
scientific community is to fully benefit from these rich datasets. Submitting,
annotating, and making data widely available through the Human Cell Atlas data
portal (initiative aiming to map all cells in the human body) is an example of how
certain data standards and harmonisation can be met?’>27¢, Adding the data
generated during my studies will be a major contribution towards the aims of the
Human Cell Atlas, and additionally will help shift the spotlight to the

underrepresented endometrial cells, including endometrial cells in endometriosis.

To conclude, all research studies generate new insights that allow us to improve our
knowledge, but the complexity of the human body and its tissues means that any
one study only really scratches the surface of what the data can uncover. My hope
is that upon further work on the dataset generated for the endometrium as part of

my studies, its integration and harmonisation with other published datasets, it will
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prove to be a helpful resource for many scientists working in the field. A resource
they can turn to test their hypotheses and ask their research questions that have
fascinated and puzzled them about the remarkable power and functioning of the

endometrium, that for now, remains a mystery.

6.5 There was more than just the lab work and studying

Finally, | would like to end this thesis by briefly discussing the things | did outside of
the realm of working in the lab and staring at the screen trying to make sense out of
the results. There are three things very important to me: (i) being able to do ‘fun’
science while learning new things, (ii) passing this new knowledge on, and (iii)
ensuring science does not just stay behind closed doors, but instead is shared in an
accessible way and reaches wide audiences. | still find it surprising that hardly
anyone has heard of endometriosis, even though it has such a huge impact on the
lives of millions of individuals globally. | must admit, the first time | heard about
endometriosis was during my undergraduate degree in a specialist lecture about
endometrium and endometrial pathologies. It left me wondering, can this be
improved? Is there a way in which we can start having conversations about periods,
wombs, and pain - topics that have been surrounded by stigma and taboos for so
long? And could | possibly also include talking about the research we do to
understand endometriosis better? The answer is: yes. In Appendix 7 | have
summarised the projects | worked on and awards | received for these public

engagement/outreach activities. They truly formed a cherished part of my studies.
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Lastly, without doubt | learnt a lot of new things during my studies and did plenty of
‘fun’ science as presented throughout this thesis. All that remains is to address point
(i) passing new knowledge on. Of course, one can think of presenting in lab
meetings, talking at conferences, writing articles - all of these have been a great
way to discuss my work and get invaluable feedback (see Appendix 8). However,
the biggest joy came from getting students (i.e. scientists to be) excited about a
topic they might have never even considered to be interesting. Seeing them think
about problems differently, ask questions, discover a new topic to read about - that
is what has been very rewarding for me. | really enjoyed teaching the MSc Clinical
Embryology students, postgraduate entry medical students and students doing the
same undergraduate course | once did at the University of Edinburgh about
scRNAseq and its use in reproductive biology. It was there where my interest in
reproductive biology was first sparked and continues to this day. So | would like to
end with a thank you to all the wonderful people that happily shared their knowledge
and wisdom with me throughout my studies and have in this way, without even

knowing, continued fuelling the once sparked interest and curiosity!
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Appendices

Appendix 1:
Comparison of fresh vs frozen endometrial biopsies for scRNAseq

(As presented at the World Endometriosis Congress 2021)

BACKGROUND

The human endometrium:

* has heterogeneous architecture, comprised of many different cell types

* is the likely tissue of the origin of endometriosis

» prior published data focuses on bulk RNA-sequencing that characterises ‘average’ gene expression of whole tissue
 single-cell RNA-sequencing (scRNAseq) allows characterisation at the cellular level

scRNAseq:
* mostly used with freshly collected samples, freezing/thawing of tissues may reduce the quality of the cells studied

* cryopreservation and banking of frozen samples is highly desirable in a clinical set-up
* banking allows for more controlled experimental design and thus generation of robust, reproducible data

AIMS

In order to address the challenges of collecting and storing relevant clinical samples, the objectives of this work were to:

1) Compare the transcriptomic profiles of cryopreserved and fresh tissue samples
2) Characterise the cellular composition of endometrial tissue in fresh and frozen samples using scRNAseq

MATERIALS & METHODS

Sample processing: %f ﬂ }f
¥ & &

Whole 3
Hypothermic preservation media, 4°C &

\ Overnight & 7
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- m &
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X \ = &
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Endometrial pipelle biopsy =, First digestion step ' Second d_lgeshonﬂstep
Healthy individual ~45min at 37°C ~15min at 37°C
Menstrual cycle day: 19 utup N
Cryopreseryation edla. 80°C Al digested cells |

RBC lysis buffer ~10min

Epithelial cells mostly

Figure 1: Experimental design. Endometrial pipelle biopsy was divided, half stored at 4°C in preservation solution overnight and the other frozen at -80°C . The next day samples were processed
i Two-step ic dissociation yielded two cellular fractions per sample: flow-through (FT) containing all cells, and glandular fraction (GF): enriched for epithelial glandular cells.

Data generation & analysis: Cells were loaded onto the 10X Chromium Controller using Chromium Single Cell 3’ Kit v3.1.
aiming for recovery of ~3,000 cells/reaction. Libraries were prepared according to manufacturer’s protocol and sequenced
(lumina Hiseq4000) to ~40,000 reads/cell. CellRanger v3.1.0 and Scanpy were used for alignment and data analysis. Cell
types were annotated using regularised logistic approach and a reference dataset generated for freshly processed healthy
endometrium?.



RESULTS
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The library size and complexity as well as number of cells recovered and sequenced was comparable A " B
o ~
between the fresh and frozen samples (Table 1). The number of genes, individual mRNA molecules < g
and percentage of mitochondrial genes detected per cell did not vary between conditions (Figure 2). 3 Sample 3 Dissociation
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Figure 2: Plots of quality control metrics. Number of genes (A), number of mRNA molecules (B) and percentage of

mitochondrial genes (C) detected per cell in the different samples. (FT=flow-through fraction, GF = glandular fraction)

Table 1: Data metrics
(FT=flow-through fraction, GF = glandular fraction, CR= CellRanger)

Figure 3: Clustering and cell state identification. (A) Cells are coloured by fraction of origin. (B)
Colours P to the two tissue di: iation steps. (C) Different cell states identified and (D)
the probabilities with which these were assigned. (FT= flow-through fraction, GF = glandular fraction)

Freezing has no effect on cell distribution nor assigned identities (Figure 3). The
main difference comes from the tissue dissociation process: cells obtained after

incubation cluster closely together, as do cells obtained from trypsin
treatment. The logistic regression model assigns cell identities with high

probabilities and detects 10 distinct cell states.

Sample CR estimated cell numbers | Median genes/cell | Mean number of reads/cell [ Reads confidently mapped to genome m
Fresh FT 4,495 2,221 34,994 81.3%
Frozen FT 5,328 2,255 36,668 85.2%
Fresh GF 4,428 3,054 39,146 84.2%
Frozen GF 4,166 2,796 39,317 84.1%

RESULTS

Frozen_GF

Fresh_FT Frozen_FT Fresh_GF
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Figure 4: UMAP of cells & their (A & B) show UMAP distribution of cells
identified in both the FT and GF fresh and frozen fractions. The actual numbers of cells detected per cell
identity and the different conditions are shown in (C). (FT= flow-through fraction, GF = glandular fraction)

Endothelial ACKR1+ * Endothelal: SEMAJG*

The 10 different cell states identified (epithelial: SOX9+, luminal, glandular, ciliated; stromal:
non-decidualised endometrial, decidualised endometrial; immune: myeloid, lymphoid;
endothelial: ACKR1+; perivascular: STEAP4+) are detected in both fresh and frozen samples in
similar proportions (Figure 4), showing that freezing does not negatively influence a certain
cell type/state nor causes its loss. Limited uterine smooth muscle, endothelial SEMA3G+ and
perivascular PVMYH11+ cells were identified, due to the menstrual cycle phase timing and the
biopsy being superficial. Cells identified as ‘other’ require further investigation.

Gene expression profile does not vary
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Figure 5: Gene expression profiles of fresh and frozen samples. Expression levels of example genes that
distinguish different cell identities are shown as violins. Violin colours represent the fraction of origin.
(FT=flow-through fraction, GF = glandular fraction)

The cells’ expression profiles do not change as a result of freezing. Similar expression
values are observed for the fresh and frozen samples (Figure 5) for both highly expressed
genes, such as EpCAM, and genes with much lower expression, such as SOX9 or LGR5. All
genes are expressed at similar levels across all cell identities, irrespective of freezing.



CONCLUSIONS

Cryopreservation of endometrial superficial biopsies does not:
* reduce the cell numbers detected

¢ impact the quality of libraries generated

» affect cellular transcriptomic profiles

* lead to observable loss of any cell states/types

It is therefore feasible to cryopreserve endometrial samples using our protocol for scRNAseq experiments.

REFERENCES

1. Luz Garcia-Alonso, Louis-Frangois Handfield, et al. (2021) Mapping the temporal and spatial dynamics of the human
endometrium in vivo and in vitro. bioRxiv 2021.01.02.425073; doi: https://doi.org/10.1101/2021.01.02.425073

As shown in the above slides, my initial experiments looking at tissue
cryopreservation and subsequent scRNAseq analyses showed that there were no
differences in the cellular profiles and | thus used this cryopreservation methods

throughout this thesis.
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Appendix 2:

Gene expression profile associated with endometrial receptivity
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The dotplot above shows the variance-scaled, log-transformed expression of 8 marker

genes (x-axis) previously reported as differentially expressed in the receptive endometrium,

for the cell lineages identified in Chapter 3 (y-axis). These marker genes were specifically

expressed by the newly defined TENM2 population. Abbreviations: ERA, endometrial

receptivity array; Prolif, proliferative.



Appendix 3:
Expression of previously described mesenchymal stem cell markers
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The dotplot above shows the variance-scaled, log-transformed expression of 4 marker
genes (x-axis) previously reported as characteristic of endometrial mesenchymal stem cell
markers, for the mesenchymal cell states identified in Chapter 3 (y-axis). These marker
genes were expressed by the newly defined ePV_AOC3 and ePV_MMP11 populations.

Abbreviations: dS, decidualised stromal cells; €S, endometrial stromal cells; Fib, fibroblast.



Appendix 4:
Comparing media composition defined by Turco et al. & Boretto et al.

Investigating the response of endometrial organoids to
different culture media compositions and hormonal
stimulation regimes using single-cell transcriptomics

Magda Marec¢kova'?t, Louis-Frangois Handfield?!, lva Kelava?, Carmen Sancho-Serra?, Rebecca Drago-
vic!, Jen Southcombe', Karin Hellner!, Christian Becker'", Krina Zondervan'’, Roser Vento-Tormo?

1 Nuffield Department of Women’s and Reproductive Health, University of Oxford, UK
2 Wellcome Sanger Institute, UK

*equal contribution, *corresponding author

Introduction

The human endometrium:

+ is the inner mucosal lining of the womb

+ comprises epithelial glands surrounded by stroma

+ undergoes cycles of shedding and rapid repair on a monthly basis

« is re-epithelised and proliferates under the influence of oestrogen (E2)

* matures and becomes secretory under the influence of progesterone (P4)

j\A
Hormone
_’
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Cycle
phase

—¥ | Menstrual Proliferative Secretory

Figure 1: Schematic overview of the endometrium across the menstrual cycle

Epithelial endometrial organoids:
+ have been generated using different endometrial organoid media (EOM)'2
+ are hormone-responsive
+ can be stimulated with hormones to mimic the menstrual cycle
- different stimulation protocols have been reported'?
= o Y "‘?da.'/; B-" "" n'—..

° @ \
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PR o l 2 Y.

.
Figure 2: Endometrial organoids morphology when grown in EOM (A), and after hormonal stimulation (B).

Objectives

1) Investigate the effects of (a) EOM compositon and (b) hormonal stimulation
on the cellular profile of endometrial organoids.

2) Benchmark endometrial organoids (unstimulated & stimulated) against our
in vivo endometrial reference®.



Materials & Methods

Organoids derivation

—> — oo
? Mechanical disruption sy v
= % Enzymatic digestion Matrigel domes Culture in various EOM 10x Genomics Scanpy for
g + filtration 48 well plate + hormonal stimulation Kit: 3" v3.1 data analysis

Biopsy collection
Figure 3: Endometrial organoid derivation, culture set-up, single-cell capture & analysis.

Endometrial organoids media

Day 0 Day 2 Day 4 Day 8" Day 10"

EOM organoids cultured in

EOM/-E2
EOM/+E2 B =ov/-E2

EOM supplemented with
+high B2 + high E2 + P4 + cAMP + PRL H 2d: 100M E2 > 4 d: 10 M E2 + 1 4M P4 + 1 4M cAMP + 20 ng/ml PRL

I 4 d: 1 "M E2 --> 6d: 0.1 nM E2 + 50 ng/ml P4

Unstimulated

EOM/+E2 + high E2 + high E2 + P4 + cAMP + PRL

Stimulated

EOM/+E! + low E2 + P4

Figure 4: Experimental set-up for culturing organoids in different EOM and hormonal stimulation regimes.
* collection for single-cell RNA-sequencing

Component (final concentration)

Medium sIV=VISPS B27 N2 Noggin FGF-10 L-glutamine  Glutamax NAC Primocin  R-spondin-1  Nicotinamide EGF HGF A83-01 s bFGF Ppasi E2 Y-27632
EOMAE2 1x 50X % 100ngml  tongml | - 1% 125mM  100ugiml 500 ngiml 2mM songml e - 500 M 19% 2ngml | 10uM 1M 10 M
EOM/-E2 1x 50X 1x 100 gl 100 ngiml 2mM e 125mM  100ugiml 500 ngiml 100M s0ngiml 50 ngiml 500nM - | — - | — | — 10 M

Table 1: Endometrial organoid media (EOM) composition
* used for organoid formation after passaging only

EOM composition alters the cells’ transcriptomic profiles

A Endometrial organoids grown in different media B Cell type predictions using cosine distance c Proportions of predicted cell types
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Figure 5: Single-cell transcriptomic data for unstimulated organoids. (A) UMAP visualisation of organoid cells cultured in different media.
Predicted cellular identities of organoid cells based on our in vivo endometrial reference using cosine distances as a maesure of similarity (B).
Cell-type proportions predicted for each culture medium used (C). Dot plot showing expression of genes characteristic for each media condition (D).



Hormonal stimulation protocols alter the cells’ transcriptomes

A Endometrial organoids stimulated using different protocols B Cell type predictions using cosine distance c Proportions of predicted cell types
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Figure 6: Single-cell transcriptomic data for stimulated organoids. (A) UMAP visualisation of organoid cells hormonally stimulated using diffrent
protocols. Predicted cellular identities of organoid cells based on our in vivo endometrial reference using cosine distances as a measure
of similarity (B). Cell-type proportions predicted for each stimulation protocol (C). Dot plot showing expression of genes
characteristic for each stimulation condition (D).

Endometrial organoids closely resemble in vivo endometrium

A Unstimdlated L B Endometrial epithelial cells in vivo reference
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o & 7 Figure 7: Endometrium in vitro vs in vivo. (A) Violin plot representation of cosine
K 7 Oﬁ distance similarity for single cells obtained from single-cell RNA-sequencing of
A 7 < endometrial organoids to the cell types defined by single-cell RNA-sequencing of
& 0‘,\& the endometrium in vivo. (B) Cell types identified in vivo used as a reference?.
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Conclusions

Organoids cultured using different EOM and stimulation protocols:
« differ in their transcriptomic profiles and proportions of cell types identified
« stimulation generates secretory phase cellular phenotypes
+ culture in EOM/+E2 most closely resembles in vivo endometrial cells

These notable effects of media composition and hormonal stimulation re-
gimes on organoid cell differentiation and gene expression profiles have impli-
cations for down-stream applications of the in vitro system to study the human
endometrium in health and disease.

References:
1. Turco, M. Y. et al. Long-term, hormone-responsive organoid cultures of human endometrium in a chemically defined medium. Nat. Cell Biol. 19, 568-577 (2017)

2. Boretto, M. et al. Development of organoids from mouse and human endometrium showing endometrial epithelium physiology and long-term expandability. Development 144, 17751786 (2017).
3. Garcia-Alonso, L. et al. Mapping the temporal and spatial dynamics of the human endometrium in vivo and in vitro. Nat Genet 53, 1698-1711 (2021).

Initial trial experiments comparing the Turco et al. (EOM/-E2) and Boretto et al.

(EOM/+E2) protocols and combination of their hormonal stimulation regimes.



Appendix 5:
Cell culture - seeding densities and media volumes used

Surface area Seeding Cells at Trypsin Growth
(cm?) density* confluency” (ml) medium (ml)
Culture plates

6-well 9.6 0.3 x 108 1.2 x 108 1 1t03
12-well 3.5 0.1 x 108 0.5 x 108 0.4to1 1t02
24-well 1.9 0.05 x 10°¢ 0.24 x 10°¢ 0.2t00.3 0.5t01.0
48-well 1.1 0.03 x 10°¢ 0.12 x 10°¢ 0.1t00.2 0.2t00.4
96-well 0.32 0.01 108 0.04 x 108 0.05t0 0.1 0.1t00.2
Flasks

T-25 25 0.7 x 108 2.8 x 108 3 3-5
T-75 75 2.1 x 108 8.4 x 108 5 8-15
T-175 175 4.9 x10°¢ 23.3 x 108 17 35-53
T-225 225 6.3 x 108 30 x 108 22 45-68

*Seeding density is given for each culture vessel type as follows: Flasks: Cells per vessel; Culture plates: Cells per well.

AThe number of cells on a confluent plate or flask will vary with cell type. For this table, HeLa cells were used.

The table is based on adapted from the Useful Numbers for Cell Culture table provided by

ThermoFisher on their website: https://www.thermofisher.com/uk/en/home/references/qgibco-

cell-culture-basics/cell-culture-protocols/cell-culture-useful-numbers.html




Appendix 6:
List of all endometrial epithelial organoid and stromal cell lines derived

LineID EEO ES Metadata Hormones Data in thesis®
FX9006 Yes Yes Control No No
FX1156 Yes Yes Endometriosis IV No No
FX1233 Yes Yes Endometriosis I No No
FX1160  Yes No Endometriosis lll No No
FX1236  Yes No Endometriosis Il No’ No
FX1168 Yes No Endometriosis IV Yes No
FX1176 Yes Yes Endometriosis IV No No
FX1249 Yes No Endometriosis | Yes No
FX1251 Yes No Endometriosis 111 No No
FX1267 Yes No Endometriosis 11 No No
FX1258 Yes No Endometriosis Il Yes No
A66" Yes Yes Unknown Unknown No
FX1291 Yes Yes Control Yes No
FX1285 Yes No Endometriosis No No
FX1119  Yes Yes Control No Yes
FX1254 Yes Yes Endometriosis I Yes Yes
FX1259 Yes Yes Endometriosis Il No Yes
FX1268 Yes Yes Endometriosis Il No Yes
FX1260 Yes Yes Control Yes Yes
FX1146  Yes Yes Control No Yes - both
FX1294  Yes Yes Control Yes Yes - both
FX1125 Yes Yes Endometriosis lll No Yes - both
SEO03 Yes Yes Control No Yes - both
SE02 Yes No Control No Yes
FX1289 Yes Yes Endometriosis | No Yes

Metadata refers to being controls (i.e. donors without endometriosis) or patients with
endometriosis and respective rASRM endometriosis stages. Hormones refers to a patient
taking hormonal therapy at sample collection.

Abbreviations: EEOs, endometrial epithelial organoid lines; ES, endometrial stromal lines.

Superscripts:

$ single-cell RNA-sequencing data presented in this thesis: Yes — both means data
presented for both EEOs and ES lines, otherwise Yes means for EEQOs only.

" donor reported not having periods for 10 months prior to surgery.

" sample is from the organ donor programme, limited metadata is available.



Appendix 7:
List of public engagement/outreach projects and awards received

2022 - 2023: The SILBERSALZ Institute - Film School

Europe & online: https://www.documentary-campus.com/training/silbersalz-institute

Selected as one of 12 scientists to receive a year-long experience of working with media

professionals on developing one’s own research into a production for mainstream media.

2022: Wellcome Centre for Human Genetics Public Engagement Awards 2022
University of Oxford, UK
Winner of the Project category, awarded for Unheard of, the hidden voices of

endometriosis podcast series.

2021 - 2022: Unheard of - The Hidden Voices of Endometriosis Podcast series

Online, world-wide: https://unheardof.libsyn.com

Co-host and co-producer of a podcast series about endometriosis
Interviewing doctors, researchers, patients
Scripting & editing episodes

Social media content scripting, editing & dissemination

2020: Wellcome Centre for Human Genetics Public Engagement Awards 2020
University of Oxford, UK
Winner of the Early Career Researcher category, awarded for consistent commitment to

public engagement through a variety of methods.

2020: Young Scientist Award 2020
Fast Forward Science, Germany
International competition in science video production & communication

Link to my winning video on endometriosis: https://cutt.ly/yVgtWXx

2019: Digital Media Intern at the Royal Institution

Royal Institution, UK

12-week science communication placement focusing on the use of digital media
Managing social media platforms (Twitter, Facebook, Instagram, Youtube)
Content creation for social media, videos, internal communication

e.g. post on endometriosis: https:/twitter.com/Ri_Science/status/1195281446564483072

Writing scripts, filming and editing short videos & audio recordings
Podcast production & editing

e.g. podcast about our research centre: https.//soundcloud.com/royal-institution/endometriosis

k



2019: Max Perutz Science Writing Award 2019 (shortlisted)
Medical Research Council, UK
Annual writing competition receiving over 100 entries from MRC-funded PhD students

Writing about why my research matters for non-scientists: https://cutt.ly/dVgo5Tv

2018 - ongoing: Outreach and Public Engagement with Research
Throughout the UK and beyond
During my DPhil studies | have been involved in many public-facing events, including.:
Developing workshops for primary & secondary school students
(Cheney School Oxford, Summer Teaching Programme Oxford)
Bringing experiments & genetics to schools & libraries
(Oxford Hands on Science, Science at the Library)
Discussing future of genetics research with young people
(Future Forum with British Science Association)
Talking to patient groups about endometriosis research
(in the UK, Slovenia, Czech Republic)
Talking at festivals and events
(British Science Festival, Endometriosis Pain through Art, The Future of Endometriosis)
Seminars & talks about running a podcast

(Oxford University, Mind the Research Gap conference)



Appendix 8:
List of scientific meetings and conferences attended

Conferences/meetings attended and presented at:

2023: World Congress on Endometriosis - talk

2023: Society for Reproductive Investigation - talk

2022: Single-Cell Biology - poster

2022: European Society of Human Reproduction and Embryology meeting - talk
2022: Human Uterus (HUTER) Project Final Steering Group Meeting - talk

2022: Organoids as Tools for Fundamental Discovery and Translation - poster

2021: Edinburgh-Oxford Women’s Health Networking Event- talk (runner-up best talk)
2021: World Congress on Endometriosis - poster (runner-up best poster)

2019: ENITEC meeting - talk

Conferences attended, but not presented at:

2020: Emerging Technologies in Single-Cell Research
2020: Single-Cell Biology

2019: NextGen Omics London

2019: Society for Reproductive Investigation meeting
2018: NextGen Omics London



Appendix 9:
List of academic awards received, roles held and publications

Academic awards:

2022: Transition into your next career (6-month postdoc salary)
Oxford MRC-DTP; University of Oxford
- funding to be used after thesis submission to develop new skills needed for next job

2022: Goodger and Schorstein Research Scholarship in Medical Sciences
University of Oxford
- scholarship to support my DPhil studies

2021: Associate Fellow of the Higher Education Academy
Advance HE
- awarded upon completion of the Advancing Teaching and Learning programme in the
Sciences stream and assessment of one’s teaching portfolio
- programme is run by the Centre for Teaching and Learning, University of Oxford

2019: Funding for Oxford Biomedical Data Science Training Programme
Oxford MRC-DTP; University of Oxford
- awarded £6,000 to undertake this highly competitive training programme

2019: Funding to complete an internship at the Royal Institution, UK
Oxford MRC-DTP; University of Oxford
- competitive 12-week science communication placement

2018 - 2021: Oxford & Medical Research Council Doctoral Training Partnership -
Nuffield Department of Women’s & Reproductive Health: Medical Sciences
Graduate School Studentship
University of Oxford

- scholarship to fund and support my DPhil studies and research

Academic and non-academic roles held:

2020 - 2022: Trained peer supporter for students in Medical Sciences Division
- training included active learning & assertivness
- providing wellbeing support across division & organising welfare events

2020 - 2021: NDWRH student committee president

- representing students in the Department across Departmental and Divisional steering
and working groups

* organising events, symposium day, writing newsletters, managing committee members

2019 - 2022: MRC-DTP student representative
- representing all MRC-funded students at the MRC-DTP steering group meetings
- running and organising the annual MRC-DTP student symposium



Publications:

Garcia-Alonso, L., Lorenzi, V., Mazzeo, C.I. et al. Single-cell roadmap of human gonadal
development. Nature 607, 540-547 (2022). https://doi.org/10.1038/s41586-022-04918-4

Mareckova, M., Massalha, H., Lorenzi, V. Et et al. Mapping human reproduction with
single-cell genomics. Annual Review of Genomics and Human Genetics 2022 23:1, 523-
547. https://doi.org/10.1146/annurev-genom-120121-114415

Siemienowicz, K.J., Wang, Y., Mareckova, M. et al. Early pregnancy maternal
progesterone administration alters pituitary and testis function and steroid profile in male
fetuses. Sci Rep 10, 21920 (2020). https://doi.org/10.1038/s41598-020-78976-x
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