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Successful embryo implantation is a trade-off between a receptive endometrium and a 

good quality embryo. Endometrial glands are important for successful pregnancy, creating 

a favourable uterine environment for the implanting embryo. The 3D structure and gene 

expression profile of endometrial glands during endometrial receptivity are yet to be 

determined. The European Society of Human Reproduction and Embryology guidelines 

suggest recurrent pregnancy loss occurs in approximately 2% of women. While the 

pathogenesis of recurrent pregnancy loss remains unclear, it has been associated with 

reduced endometrial gland secretions and altered endometrial receptivity.  

In this thesis, multi-modal 3D imaging and RNA sequencing are applied to the 

endometrium from control women and women with recurrent pregnancy loss, to identify 

3D structural alterations and a gene expression profile of endometrial glands during the 

implantation window. This thesis takes a multi-scale approach to investigating 

endometrial glands. Beginning with the relationship between endometrial glands and 

endometrial stromal cells in whole endometrium, investigating endometrial glands only, 

and finally glandular ciliated cell components. 

This thesis used 3D imaging to further our understanding of the spatial relationships 

between stromal cells and endometrial glands and their relationship to recurrent 

pregnancy loss. Quantitative 3D distance maps demonstrated for the first time that 

endometrial cells from women who experience recurrent pregnancy loss have altered 3D 

spatial relationships compared to controls. This 3D spatial information may help 



 

 

understand the underlying biology and the changes that are observed in disease states. 

Endometrial function may underlie a range of fertility disorders and these 3D imaging 

approaches could ultimately lead to more informative diagnostic testing and new 

treatments.  

3D imaging provided insight into glandular structure and was combined with high-speed 

video to quantify endometrial gland cilia movements. This study made a number of 

observations that would not have been obvious from 2D imaging. One of these was that 

microvesicles appear to be forming on the tips of glandular microvilli. Secretion of 

glandular microvesicles into the uterine lumen may help mediate a favourable uterine 

environment during embryo implantation. The microvillus surface of the glandular lumen 

was interspersed with ciliated cells. The role of glandular cilia is not clear but it is 

hypothesised that they may facilitate the movement of microvesicles to the uterine 

lumen. The cilia beat pattern observed in endometrial glands from controls and women 

with recurrent pregnancy loss however, was uncoordinated. High-speed video could be 

developed in the future and provide a fast diagnostic of glandular cilia function. 

This thesis used 3D imaging and RNA sequencing to further our understanding of the gene 

expression profile of endometrial glands and glandular beta-tubulin from women with 

recurrent pregnancy loss. Differentially expressed genes were identified in endometrial 

glands from women with recurrent pregnancy loss compared to controls and beta-tubulin 

enrichment in glandular ciliated cells was established. Combined 3D imaging and gene 

expression analysis also demonstrated that beta-tubulin isoforms were altered on a gene 

transcript level and a protein level in endometrial glands from women with recurrent 

pregnancy loss. Combining 3D imaging and gene expression data allows gene expression 

changes to be located in endometrial tissue. Teasing out beta-tubulin changes in the 

glandular ciliated epithelium could lead to specific endometrial gland biomarkers of a 

recurrent pregnancy loss phenotype. 

This multi-scale and multi-modal approach has established a four dimensional view of 

endometrial glands during the window of implantation. Alterations in the endometrial 

gland architecture and their spatial relationship to the endometrial stroma could be 

associated with recurrent pregnancy loss. This new approach can be applied to other 

patient groups who suffer from unsuccessful pregnancy, such as infertility and recurrent 

implantation failure, and in future, contribute to the development of diagnostics. 
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RSPH4A Radial spoke head 4 homolog A 
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 The clinical problem – recurrent pregnancy loss 

Recurrent pregnancy loss is distressing for couples and often diagnosed as 

unexplained. Successful pregnancy requires the endometrium, the mucosal lining of the 

uterus, to be remodelled into a receptive state allowing a conceptus to implant and be 

supported in its early development. The underlying biology of the endometrium in women 

with recurrent pregnancy loss is not fully understood.  

An oocyte is fertilised in the fallopian tube before travelling to the uterine cavity for 

implantation into the endometrium. The human non-pregnant endometrium is a dynamic 

tissue that undergoes growth, differentiation and regression periods throughout the 

menstrual cycle in response to hormonal regulation. During the mid-luteal phase of the 

menstrual cycle (days 21 – 24), post ovulation, the endometrium becomes receptive to an 

implanting conceptus, termed the window of implantation.  

Unsuccessful pregnancy can occur before or after the implantation process. Clinically, 

they manifest as recurrent implantation failure or early pregnancy loss. Recurrent 

implantation failure includes women who have difficulty with embryo implantation, often 

following multiple rounds of in-vitro fertilisation (IVF) of a good quality embryo. Early 

pregnancy loss, is defined as the loss of a clinical pregnancy before gestation week 20, 

otherwise known as the loss of an embryo or fetus < 400 g if the gestational age is unknown 

(Zegers-Hochschild et al., 2009). Ectopic, molar and biochemical pregnancies are not 

included, highlighted in The European Society of Human Reproduction and Embryology 

(ESHRE) recurrent pregnancy loss guidelines (ESHRE Early Pregnancy Guideline 

Development Group, 2017). A pregnancy loss can also be classified as an embryonic loss 

before 10 gestational weeks and a fetal loss after 10 gestational weeks (Kolte et al., 2015).  

Recurrent pregnancy loss, defined as two or more consecutive pregnancy losses, 

occurs in 2% of women (Ford & Schust, 2009). There are discrepancies however, between 

countries and healthcare providers as to when to introduce a clinical investigation for 

recurrent pregnancy loss patients (Kutteh, 2015). The American Society for Reproductive 

Medicine Practise Committee defined recurrent pregnancy loss as “two or more failed 

consecutive pregnancies”, however, the Royal College of Obstetricians and Gynaecologists 

defined recurrent miscarriage as “the loss of three or more consecutive pregnancies” 
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(Royal College Obstetricians and Gynaecologists, 2011; The Practice Committe of the 

American Society for Reproductive, 2012). Recurrent pregnancy loss research is required 

to provide patients with more evidence-based clinical interventions and therapeutics 

(ESHRE Early Pregnancy Guideline Development Group, 2017; Odendaal et al., 2019). 

The most common outcome of a recurrent pregnancy loss clinical investigation are 

chromosomal abnormalities followed by an immune disorder or an anatomical abnormality 

(ESHRE Early Pregnancy Guideline Development Group, 2017; Simpson, 2007). For the 

majority of couples however, the designated cause is ‘unexplained’. The risk of unexplained 

recurrent pregnancy loss has been shown to increase with lifestyle factors such as maternal 

obesity (Lo et al., 2012). The risk of recurrent pregnancy loss is also understood to increase 

with maternal age (Lund et al., 2012). 

Recurrent pregnancy loss has been associated with an endometrium that is over 

receptive or demonstrating an out of phase window of implantation (Macklon & Brosens, 

2014; Salker et al., 2012). There is no consensus to the gene expression profile of the 

endometrium during the window of implantation in women with recurrent pregnancy loss 

nor its 3D architecture. The endometrium is also a heterogeneous tissue, consisting of 

different epithelial and stromal cell types with different functions (Lucas et al., 2020). This 

thesis investigates the association between different endometrial cell types and recurrent 

pregnancy loss.  

 Healthy endometrium and implantation 

1.2.1 The endometrium 

The endometrium is the mucosal lining of the uterus, forming the first point of 

attachment for an implanting blastocyst (Figure 1.1) (Spencer et al., 2012). Before 

implantation, an oocyte is fertilised outside the ovary in the fallopian tube, forming a 

zygote. The zygote undergoes cell division to form the blastocyst of two distinct cell 

lineages, the outer trophectoderm that will develop into the placenta and the inner cell 

mass that will develop into the fetus (Cockburn & Rossant, 2010).  
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The endometrium consists of two functional layers, the lower stratum basalis and 

the upper stratum functionalis (Figure 1.2). The stratum functionalis and the uterine cavity 

are separated by the luminal epithelial surface, where endometrial glands start as 

invaginations and radiate towards the basalis layer. The stratum basalis consists of two 

zones, one including loose stroma and endometrial gland bodies, while the other including 

the termination regions of endometrial glands and endometrial progenitor cells (Padykula, 

1991). Beneath the endometrium is the myometrium, a layer of uterine smooth muscle. 

In summary, the endometrium is a heterogeneous tissue consisting of the stratum 

basalis and the stratum functionalis. The stratum functionalis is the focus of this study, 

which sheds and re-grows monthly in a cyclic manner. 

 

Figure 1.1 The endometrium is the innermost mucosal lining of the uterine cavity, which 

is shed and regrown as part of the menstrual cycle. 
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Figure 1.2 Schematic of the endometrium, showing the stratum basalis and the stratum 

functionalis. The endometrial glands are invaginations of the luminal epithelial surface, while 

the stroma consists of different immune cell types. 

1.2.2 The menstrual cycle  

The stratum functionalis is shed and re-grown to a thickness of approximately 5-7 

mm as part of the monthly menstrual cycle (McLennan & Rydell, 1965). The majority of 

women have a 28-30 day menstrual cycle driven by cyclic hormones (Snijders et al., 1992). 

The menstrual cycle consists of two main uterine stages the proliferative phase and the 

progesterone-dominant secretory phase characterised by morphological and functional 

changes (Figure 1.3, Noyes et al., 1975). The secretory phase is also called the luteal phase. 

The morphological changes observed in the luteal phase endometrium occur in a 

predictable pattern (Li et al., 1988; Noyes et al., 1975). The Noyes Criteria were established 

to assign the endometrium to a stage of the menstrual cycle by histological examination 

(Figure 1.3). These criteria were based upon the histological examination of approximately 

8000 endometrial biopsies across the menstrual cycle, assuming ovulation, the release of 

an egg from the ovary, occurs on day 14 and menstruation, and the shedding of the 

endometrium, occurs on day 28 (Noyes et al., 1975). 
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Figure 1.3 The female menstrual cycle is regulated by cyclic changes in hormone levels. Including progesterone, estrogen, follicle stimulating hormone (FSH) 

and luteinising hormone (LH). In a regular menstrual cycle, ovulation occurs on day 14 and menstrual bleeding begins between days 28-30. Endometrial 

histology by the Noyes criteria of endometrial dating, images adapted from 'Dating the Endometrial Biopsy' (Noyes et al., 1950).  
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The Noyes criteria uses endometrial gland morphology during the proliferative 

phase, while stromal cell and decidualization characteristics are used during the secretory 

phase (Noyes et al., 1975). At the beginning of the proliferative phase, after menses (day 

6), the surface epithelium is relatively thin, stroma is compact and endometrial glands are 

straight, narrow and short. Mid proliferative phase (day 10), epithelial cells begin to have a 

columnar cell shape, and curved endometrial glands extend in length. By the late 

proliferative stage (day 14), endometrial glands show a tortuous shape, active growth and 

pseudostratification of the epithelium.  

Following a luteinising hormone (LH) surge from the anterior pituitary gland in the 

brain, ovulation occurs on day 14 of the menstrual cycle, marking the start of the secretory 

phase. The secretory phase of the menstrual cycle is characterised by nuclei alignment, 

sub-nuclear vacuolation of the gland epithelium, and an increase in gland diameter and 

tortuosity. During mid-secretory phase (day 21), the window of implantation, endometrial 

gland vacuoles secrete their content into the endometrial gland lumen. Tissue oedema 

becomes evident on day 21 of the menstrual cycle, where the stromal cells appear small 

and dense. By menstrual cycle day 23 the spiral arterioles become prominent.  

After the implantation period of the menstrual cycle (days 21 – 24), the stromal cells 

become decidualised accompanied by the influx of lymphocytes. In the absence of 

pregnancy, menstrual shedding is initiated (Noyes et al., 1975). Late secretory phase 

endometrium glandular epithelia consist of tall columnar cells, with substantial microvilli, 

interspersed with numerous ciliated cells. In contrast, glands at the proliferative stage are 

made up of smaller cuboidal cells with a flatter surface and fewer microvilli (Garry et al., 

2010). 

In summary, the endometrium goes through hormonally driven morphological 

changes over the course of the menstrual cycle. Morphological changes have been 

categorised by the Noyes criteria, based on a ‘normal’ 28-day cycle. Clinical investigations 

use the Noyes criteria to make a histological evaluation of the luteal phase endometrium 

in cases of infertility and miscarriage, known as endometrial dating. 
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1.2.3 Endometrial dating 

Endometrial dating by the Noyes criteria is currently considered the gold standard 

for clinically evaluating endometrial histology. Endometrial dating has been used to 

diagnose a luteal phase defect, defined as the retardation of endometrium development, 

by more than 2 days from the expected morphology based on the chronological date from 

the LH surge (Li & Cooke, 1991). A national survey demonstrated that 62.5% of board-

certified reproductive endocrinologists used the endometrial biopsy to confirm ovulation 

and the quality of luteal function when assessing patients who are unable to conceive 

(Glatstein et al., 1997).  

It has been suggested that histological investigation of the endometrium alone is 

not accurate in dating fertile women, nor the clinical investigation of the endometrium 

from women with infertility or miscarriage (Coutifaris et al., 2004; Murray et al., 2004). 

Additional cell types such as uterine natural killer (uNK) cells have been counted alongside 

endometrial histological dating. uNK cell count on its own, however did not have a 

significant correlation to pregnancy outcome. Combining endometrial dating results with 

uNK cell count lead to an improved prognostic value (Liu et al., 2014). These results suggest 

that additional histological parameters may improve endometrial dating. 

There have been several attempts to identify a receptive endometrium during the 

window of implantation. Endometrial histological dating has been compared to a new 

endometrial diagnostic tool, the endometrial receptivity array (ERA) (Díaz-Gimeno et al., 

2013). The ERA consists of 238 pre-selected genes found to be differentially expressed in a 

receptive endometrium compared to a pre-receptive endometrium (Horcajadas et al., 

2007). The ERA uses the pre-selected genes and machine learning to test if an endometrial 

sample has a receptive profile, independently of histological dating. Initial studies 

suggested that the ERA was more accurate than histological dating, however these 

methods did not account for different endometrial cell types with different functions (Díaz-

Gimeno et al., 2013). Ultrasound examination of endometrial thickness and blood flow 

have also been used clinically to identify an unreceptive endometrium, however, it has a 

poor predictive value for a receptive endometrium (Alcázar, 2006). 
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In summary, while dating by Noyes criteria is currently the gold standard for clinical 

investigation of an endometrial biopsy, this evaluation takes a snapshot of the 

endometrium only. There is evidence to suggest that the endometrium might experience 

cycle-to-cycle variation (Mariee et al., 2012). Inter-cycle variation alongside histological 

endometrial dating inaccuracies suggest further work is required to create an endometrial 

dating tool. 

1.2.4 Endometrium regeneration 

Endometrial regeneration of the stratum functionalis is vital for embryo 

implantation, generating an endometrial lining upon which an embryo can implant. 

Endometrial gland re-growth is thought to stem from an epithelial stem cell population in 

the stratum basalis, in an upwards direction towards the uterine cavity (Valentijn et al., 

2013). 

Evidence for a stem cell population in the stratum basalis 

Rapidly proliferating cells in the stratum functionalis originate from stem cells in the 

stratum basalis, close to the endometrium-myometrium junction (Padykula, 1991). In a 

primate model, radioactive [3H] thymidine labelled progenitor epithelial cells were 

reported to have increased by more than 30% in the stratum basalis and stratum 

functionalis regions of the endometrium in the progesterone dominant phase of the rhesus 

menstrual cycle (Padykula et al., 1989).  

Characterisation of the basalis epithelial stem cell populations began by cell-cloning 

studies (Gargett, 2007). An individual stem cell will multiply to form a colony, where distinct 

cell boundaries can be identified. It was hypothesised that stem cells for both epithelial 

cells and stromal cells would be present in the endometrium (Gargett, 2004, 2006). The 

cloning potential of endometrial cells was demonstrated by colonising purified cell 

suspensions of hysterectomy samples. Both endometrial stromal cells and epithelial cells 

formed individual colonies of more than 50 cells per colony (Chan et al., 2004). 

Clonogenic endometrial epithelial cells and stromal cells require growth factors for 

colony formation. Growth factors include epidermal growth factor, platelet-derived growth 

factor-BB and transforming growth factor -alpha. This suggests that both epithelial and 
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stromal progenitors express epidermal growth factor and platelet-derived growth factor 

cell surface receptors (Chan et al., 2004; Schwab et al., 2005). Large endometrial stromal 

colonies exhibit multi-lineage differentiation similar to bone marrow and adipose tissue, 

such as adipocytes, smooth muscle cells, chondrocytes and osteoblasts (Gargett et al., 

2005). Finally, the percentage of clonogenic cells are not believed to vary across the 

menstrual cycle (Schwab et al., 2005). 

In summary, cell-cloning studies have demonstrated progenitor cell populations for 

both endometrial stromal cells and epithelial cells, showing similar differentiation 

capabilities to bone marrow. 

Endometrial stem cell markers  

The regenerative endometrium has been compared to the regenerative intestine, 

sharing characteristics of the Wnt/ β-catenin signalling pathway (Valentijn et al., 2013). The 

endometrium is regenerated monthly, while the luminal surface of the intestine is 

regenerated constantly. The Wnt signalling pathway activates cell surface receptors, 

inducing the transcription of target genes. Inactivation of β-catenin in the intestine results 

in a loss of intestinal epithelial cells (Fevr et al., 2007; Wetering et al., 2002). β-catenin is 

important for normal endometrial epithelial function, demonstrated by fertility defects in 

β-catenin mutant mice (Jeong et al., 2009).  

Regenerative and non-regenerative endometrium were compared between pre and 

postmenopausal women. Key Wnt molecules were differentially regulated in the 

regenerative endometrial epithelium compared to the non-regenerative endometrium, 

including Wnt transcription factor SRY-box 9 (SOX9). Immunostaining also demonstrated 

Wnt-regulated genes to be located in the glandular epithelium (Nguyen et al., 2012). SOX9 

is understood to inhibit the Wnt/β-catenin signalling pathway in the intestine (Bastide et 

al., 2007). To investigate SOX9 expression in the basalis endometrium, the cell surface 

marker stage-specific embryonic antigen-1 (SSEA-1) was specifically localised to basalis 

endometrial gland epithelium. In vitro gland-like structures were also generated by 

epithelial sub-populations that expressed SSEA-1 and SOX9 (Valentijn et al., 2013). 

A transmembrane receptor, Leucine-rich repeat-containing G-protein coupled 

receptor 5 (LGR5) is another specific cell marker of proliferative epithelial stem cells in the 
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intestine (Barker et al., 2007). LGR5 is understood to exist in the endometrial epithelia 

(Krusche et al., 2007). The location of LGR5 gene expression in the endometrium, 

correlated with epithelial proliferation and progenitor markers SOX9 and SSEA-1. LGR5 

expression followed the same endometrial cyclic pattern as SOX9 and SSEA-1, however, 

was most prominent in the luminal epithelial surface and not the stratum basalis (Tempest 

et al., 2018). 

In summary, stratum functionalis regeneration builds the foundation for a receptive 

endometrium during the window of implantation. Stratum basalis progenitor cell 

population and progenitor cell markers have been identified, yet further work is required 

to characterise progenitor cell types and how they impact upon glandular and stromal 

formation. 

1.2.5 Embryo implantation requires endometrial glands 

Successful implantation is a three stage process that requires communication 

between the implanting blastocyst and a receptive endometrium (Wang et al., 2013). The 

human conceptus undergoes implantation, beginning around day seven post-fertilisation 

and complete by days 10 to 12 (Burton et al., 2011). The three phases of implantation are 

apposition, attachment and invasion. Apposition is identified by the close association of 

the trophoblast to the luminal epithelium (Tabibzadeh & Babaknia, 1995). When the 

trophectoderm adheres to the endometrial surface it undergoes transformation to the 

syncytiotrophoblast, where trophectoderm projections penetrate between the 

endometrial epithelial cells and into the underlying stroma. As the mantle of 

syncytiotrophoblast enlarges, it encircles and erodes into the necks of the glands. 

Connections between gland lumens and the developing inter-villous space of the placenta 

can be observed as early as day 17 post-fertilisation and throughout the first trimester 

(Burton et al., 2002). Endometrial epithelial to stromal cell interactions are important for 

embryo implantation (Zhang et al., 2013). 

Investigating the implantation period in humans is difficult due to ethical concerns 

and technical issues, therefore, the majority of the literature focuses on animal models to 

identify cellular pathways and interactions. The mouse model is widely used; however, the 

physiological mechanisms of mouse embryo implantation differs from humans. The mouse 
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endometrium decidualises in the presence of an embryo, while the human endometrium 

decidualises monthly regardless of pregnancy.  

Gene knockdown models in the mouse demonstrate that disrupted endometrial 

gland development results in unsuccessful implantation. Gene knockdowns include β-

catenin (Jeong et al., 2009), E-cadherin (Reardon et al., 2012) and leukaemia inhibitory 

factor (Lif) (Stewart et al., 1992). Forkhead box A2 (FOXA2) is also expressed specifically in 

the uterine glandular epithelium (Besnard et al., 2004). Ablation of Foxa2 in mice resulted 

in defective endometrial gland formation and dysfunctional endometrial stroma unable to 

decidualize (Bazer, 2010; Jeong et al., 2010). 

In summary, embryo implantation is a complex process that requires endometrial 

glands. Animal models have helped identify important genes essential for endometrial 

gland development; however, more work is required to translate this to humans. 

1.2.6 Uterine natural killer cells 

Uterine natural killer (uNK) cells are a type of endometrial stromal cell and part of 

the innate lymphoid cell (ILC) family. Other endometrial stromal cell types include 

macrophages, stromal cells, dendritic cells and neutrophils (Olmos-Ortiz et al., 2019). uNK 

cells are phenotypically different to peripheral natural killer (pNK) cells that circulate in the 

blood stream, and are understood to play important roles in immune tolerance at the 

maternal-fetal interphase, spiral artery remodelling and trophoblast invasion.  

Innate lymphoid cell family 

The ILC represent a group of hematopoietic effectors, which classify into two main 

groups; the cytotoxic ILC’s and the non-cytotoxic ILC’s (Chang et al., 2020). The non-

cytotoxic ILC’s can be further subdivided into three sub-groups; ILC1, ILC2 and ILC3 (Spits & 

Di Santo, 2010). Other than uNK cells, ILC3’s have been identified in human decidua (Doisne 

et al., 2015). ILC’s act in tissue repair, remodelling and tissue homeostasis (Spits & Di Santo, 

2010). 
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Phenotype of uNK cells 

uNK cells are distinguished from pNK cells by the differential expression of cell-

surface antigens CD56, CD16, CD94 and CD69 (Artis & Spits, 2015; Blumer & Lash, 2005). 

The uNK cell phenotype is CD56bright CD16-, while the pNK cell phenotype is CD56dim, CD16+. 

uNK cells are also recorded as CD56superbright in some cases (Gaynor & Colucci, 2017). uNK 

cells demonstrate menstrual cycle variability, characterised by their increased size and 

granulation during the progesterone-dominated secretory phase of the menstrual cycle 

(King et al., 1989). Despite uNK cells having internal granule structures they are poorly 

cytotoxic (Koopman et al., 2003; Vujaklija et al., 2011). Single cell RNA sequencing has 

identified three distinct uNK transcriptomic signatures in the endometrium of a control 

cohort and in first trimester decidua (Lucas et al., 2020; Vento-Tormo et al., 2018). 

uNK cell receptor expression provides uNK cells with the ability to identify 

trophoblast cells of an implanting blastocyst without generating a cytotoxic response, 

therefore mediating immune tolerance between the maternal decidua and the blastocyst 

during implantation and early pregnancy (Moffett-King, 2002). uNK receptors recognise 

antigens of the trophoblast major histocompatibility complex (MHC) class I. MHC class I are 

cell surface molecules, which present antigens from within its cell allowing self versus non-

self antigen identification by uNK cell receptors. uNK cells express natural killer group 2 

receptors (NKG2) and killer-cell immunoglobulin-like receptors (KIR) which recognise HLA 

– E and C. Sixteen KIR genes have been identified which have specific binding affinities to 

the MHC class I (Braud et al., 1998; Hilton et al., 2015).  

Together, these studies highlight the complexity of the uNK phenotype, in respect 

of their cell surface antigen and receptor profile. 
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Origin of uNK cells 

The origin of uNK cells is disputed, with two opposing theories. The first theory 

suggests that uNK cells stem from in situ progenitors (Manaster & Mandelboim, 2010). The 

second theory suggests that pNK cells traffic into the uterus and differentiate into uNK cells 

(Kitaya et al., 2007). 

A theory was proposed that CD34+ hematopoietic progenitor cells in the human 

decidua mature locally into active uNK cells on interaction with endometrial stroma cells 

(Vacca et al., 2011), in the presence of cytokine interleukin (IL) -15 (Verma et al., 2000). The 

presence of in situ hematopoietic progenitor cells would also account for the CD56+ uNK 

cells detected in human endometrial tissue which had been xenografted into hormone-

treated immuno-deficient mice (Matsuura-Sawada et al., 2005). 

uNK cells could also be derived by pNK cells (Peel & Stewart, 1984). Mice were 

subjected to irradiation while one uterine horn remained protected by a lead shield. 

Meanwhile, rat bone marrow cells were transferred. Within the irradiated uterine tissue, 

only uNK cells of rat origin could be identified indicating that pNK cells contribute towards 

uNK cells (Peel & Stewart, 1984). Paracrine factors such as IL -15 and steroid hormones 

have been reported to mediate the migration of pNK cells to the decidua (Gibson et al., 

2015). Fractalkine, the main NK cell chemoattractant, is also expressed by the 

endometrium which could mediate uNK cell migration into the uterus (Hannan et al., 2004). 

Transforming growth factor beta (TGF-β) has been reported to regulate the differentiation 

of pNK cells (particularly CD16+) to uNK cells (CD16-) (Keskin et al., 2007).  

Combining evidence of locally derived and peripherally infiltrated uNK cells suggests 

that neither contribution should be discounted.  

Clearance of senescent decidualised cells by uNK cells 

During the secretory phase of the menstrual cycle the endometrial stroma is 

remodelled to form decidualised stroma by a multi-step process. Elevated progesterone 

levels and intracellular cAMP production during the mid-luteal phase of the menstrual cycle 

is accompanied by an increase in uNK cells in the endometrium (Gellersen & Brosens, 

2014). The first phase of decidualization is characterised by an inflammatory response that 
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occurs for only two to four days, remodelling the endometrium into a receptive state for 

an implanting embryo (Salker et al., 2012). Following this initial inflammatory response, the 

embryo can be imbedded into the decidualised stroma. A subpopulation of endometrial 

stromal cells have been reported to demonstrate a senescent phenotype, characterised by 

cells in a permanent state of cell cycle arrest and the secretion of inflammatory mediators 

(Brighton et al., 2017). uNK cells have been reported to clear senescent decidual cells by 

perforin and granzyme exocytosis (Brighton et al., 2017). Decreased embryo implantation 

rate in the mouse has been associated with the knockdown of inflammatory regulators, 

suggesting inflammatory mediators are key in the implantation process (Salker et al., 2012). 

Successful embryo implantation requires a balance between the induction and clearance 

of senescent cells, allowing for an inflammatory response (Lucas et al., 2020). The number 

of uNK cells and uNK function may impact upon the initial inflammatory response and 

therefore receptivity state of the endometrium during embryo implantation. 

Early pregnancy spiral artery remodelling by uNK cells 

Remodelling of the maternal spiral arteries is an essential adaptation to pregnancy, 

which transforms the arteries supplying the fetus to less resistant non-turbulent vessels 

(Burton et al., 2009). In humans, the initial stages of vascular transformation occur during 

the secretory phase of the menstrual cycle and become more pronounced in early 

pregnancy (Kam et al., 1999). The maternal vessels during these stages are closely 

associated with leukocytes, particularly macrophages and uNK cells.  

Mouse models highlight the key role that uNK cells play in vascular remodelling. 

uNK deficient mice demonstrated defected decidual vascular remodelling, characterised by 

narrow vascular lumens and thick vascular walls, causing turbulent blood flow (Boulenouar 

et al., 2016). uNK cells are understood to mediate decidual vascular remodelling via the 

release of cytokines, such as interferon-gamma (Ashkar et al., 2000). Since interferon-

gamma is a cytokine involved in macrophage activation, it is possible that uNK cells mediate 

vascular remodelling through macrophage stimulation (Kieckbusch et al., 2014). uNK cells 

also produce proteolytic matrix metalloproteinases (MMP), in particular MMP-7, MMP-9, 

MMP-19 and MMP-23 which mediate vascular remodelling (Hazan et al., 2010). Increased 

levels of MMPs are also thought to stimulate trophoblast invasion (Jovanovic et al., 2010). 
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The degree at which spiral artery transformation is dependent upon uNK cells in a mouse 

pregnancy compared to a human pregnancy may be variable (Georgiades et al., 2002).  

Trophoblast invasion by uNK cells 

Trophoblast invasion is a complex process, consisting of cellular interactions between 

uNK cells and the fetal trophoblast (Moffett & Colucci, 2014). These interactions are 

mediated through cytokine release and uNK receptor to trophoblast MHC class I 

interactions (Sharkey et al., 2008).  

The invasive extra villous trophoblast expresses a unique combination of HLA ligands, 

including HLA-C, E and G, but not HLA-A and B or MCH class II. Distinct uNK receptor- HLA 

interactions allow recognition of the blastocyst during the apposition stage of implantation. 

Fetal endothelial cells and the extra villous trophoblast also express receptor XCR1 for uNK 

cell cytokine XCL1, reinforcing communication between the trophoblast and uNK cells 

(Kennedy et al., 2016). uNK cell cytokines have been shown to mediate the onset and 

inhibition of extra villous trophoblast invasion. IL-8 enhances the motility of the trophoblast 

in cell migration and invasion assays (Jovanovic et al., 2010). TGF-β however, has been 

reported to impair the invasive properties of primary trophoblast in vitro (Lash et al., 2005). 

In summary, the uNK cell phenotype consists of at least three different 

transcriptional cell states and vary in HLA activation. uNK cells are important in mediating 

immune tolerance at the maternal-fetal interphase, modifying the decidua for pregnancy 

and trophoblast invasion.  

1.2.7 Endometrial transcriptome during the window of implantation 

Studies have attempted to identify a gene profile associated with a receptive 

endometrium during the window of implantation, yet a consistent pattern of receptivity 

associated gene expression has not been established. One reason for this may be that the 

endometrium is a heterogeneous tissue and cell specific expression patterns associated 

with receptivity may be obscured by other cell types. 

Several studies have used a pre-selected panel of genes to identify a receptive 

endometrium from a non-receptive endometrium. This includes the endometrial dating 

tool the ERA, discussed previously in section 1.2.3 (Díaz-Gimeno et al., 2011; Enciso et al., 
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2018). Potential gene targets associated with a receptive endometrium have been 

interpreted against the use of the drug mifepristone used for pregnancy termination. The 

secreted phosphoprotein (SPP1) gene was upregulated in the receptive endometrium, but 

down regulated under the influence of mifepristone (Cuevas et al., 2016). SPP1 was also 

reported in the ERA (Díaz-Gimeno et al., 2011). Increased secretion of endometrial gland 

SPP1 during implantation in a ovine model reinforces SPP1 could be associated with a 

receptive endometrium (Dunlap et al., 2008).  

Single cell RNA sequencing studies have been carried out on non-pregnant 

endometrial biopsies across the menstrual cycle, identifying six major endometrial 

transcriptional cell states by T-distributed stochastic neighbour embedding analysis. These 

include the ciliated epithelium, the un-ciliated epithelium, stromal cells, endothelium, 

macrophages and lymphocytes (Wang et al., 2018). Endometrial cell types have been 

further divided into endometrial cell subtypes, including three distinct uNK cell sub-

populations in the non-pregnant endometrium and three NK cell sub-populations in first 

trimester decidua (Lucas et al., 2020; Vento-Tormo et al., 2018), previously described in 

section 1.2.6. 

Total endometrial epithelial and stromal cell components have been isolated prior 

to single cell RNA sequencing to identify transcriptomic signatures associated to these cell 

types. Endometrial stromal cells were identified by the marker CD13 and epithelial cells by 

the marker CD9 (Krjutškov et al., 2016). These approaches and a meta-analysis of gene 

expression studies between a receptive and a non-receptive endometrium begin to 

separate the endometrium by its cell types (Altmäe et al., 2017). However, previous studies 

have used total epithelium which does not distinguish between the luminal epithelium and 

the glandular epithelium.  

In summary, previous studies have identified genes associated with a receptive 

endometrium during the window of implantation and early pregnancy decidua. Studies 

have identified gene expression profiles associated with endometrial stromal cells and 

combined luminal and glandular epithelium. The transcriptomic profile of endometrial 

glands is not understood. Isolating endometrial glands form endometrial tissue will allow 

the transcriptome of endometrial glands to be studied.  
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1.2.8 Endometrial glands 

Endometrial glands are important for successful pregnancy, where glandular 

products create an environment for the implanting embryo (Filant & Spencer, 2014). The 

glandular epithelium is abundant in apical cellular projections including microvilli and 

pinopodes (Bartosch et al., 2011). The glandular epithelium also contains secretory cells 

and ciliated cells (Wang et al., 2018). During early pregnancy, endometrial glands provide 

histotrophic nutrition before the maternal blood flow is initiated in the placenta at 

approximately 10 weeks of gestation (Hempstock et al., 2004). Endometrial glands are 

typically regarded as secretory, however, one alternative view proposed that endometrial 

glands play a role in absorbing mucus under progesterone dominance in the rat (Naftalin 

et al., 2002). The importance of endometrial gland function and secretions have been 

reported by gene knockout models, meanwhile, human endometrial organoid cultures 

have provided an in vitro model to study specific aspects of endometrial gland function.  

Endometrial glands create an environment for the early embryo 

Steroid hormone mediated endometrial gland secretion may alter the uterine 

environment and affect blastocyst hatching (O’Sullivan et al., 2002). Estrogen receptors and 

progesterone receptors are found on human endometrial glandular cells (Snijders et al., 

1992). Estrogen-dependent endometrial gland factors such as osteopontin have been 

reported to activate blastocyst adhesion in embryo culture experiments (Chaen et al., 

2012). Two proteins associated with blastocyst hatching and endometrial invasion, 

implantation serine proteinase -1 and 2 tryptases, are secreted by endometrial glands 

during the implantation period. Implantation serine proteinase -1 and 2 are regulated 

positively at the transcriptional level by progesterone, while negatively at post-

transcriptional level by estrogen (O’Sullivan et al., 2004). Meanwhile glandular specific 

FOXA2 was ablated in a mouse endometrium following progesterone treatment leading to 

insufficient gland development (Kelleher et al., 2016).  

Knockout models in mice and sheep show that insufficient glandular function leads 

to the endometrium’s inability to support implantation and pregnancy (Filant & Spencer, 

2013). Animal models have been used to investigate endometrial glands, due to ethical 

concerns and technical issues regarding human studies. An ovine uterine gland knockout 
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(UGKO) model was used to investigate ovine blastocyst survival. In the UGKO model, 

blastocysts hatched but failed to survive or elongate. It was concluded that blastocyst 

defects in UGKO ewes were due to the absence of endometrial glands and their secretions, 

rather than alterations in expression or adhesive molecules of the luminal epithelial surface 

of the endometrium (Gray et al., 2002).  

Different factors of endometrial glands have been investigated via mouse knockout 

models, demonstrating their importance in gland function and early pregnancy (previously 

described in section 1.2.5). LIF is secreted by endometrial glands, acting in the 

communication between the trophoblast and the endometrium (Zhang et al., 2013). A 

knockout model of Lif-null mice were infertile due to failure of blastocyst implantation 

(Stewart et al., 1992). Other genes investigated in endometrial gland function include 

Lymphoid enhancer factor 1 (Shelton et al., 2012) and catenin cadherin associated protein 

beta 1 (Jeong et al., 2009). These studies highlight that endometrial glands produce 

secretions, which contribute towards an environment that supports embryo implantation 

and successful pregnancy. 

Organoid culture 

Organoid culture models have been developed to model human endometrial glands 

in non-pregnant endometrium and decidua (Boretto et al., 2017; Fitzgerald et al., 2019; 

Luddi et al., 2020; Turco et al., 2017). ‘Organoids are self-organising, genetically stable, 3D 

culture systems containing both progenitor/ stem and differentiated cells that resemble 

the tissue of origin’ (Turco et al., 2017). To assess the similarity between organoid cultures 

and endometrial glands from the same patient sample, the global gene expression profiles 

were analysed. 287 genes were commonly upregulated in organoids and glands compared 

with the stroma. Known glandular markers were identified in the organoid cultures, 

including markers of epithelial cells (CDH1, CLDN10 and EPCAM), mucosal secretory cells 

(PAX8 and MUC1) and endometrial glandular products (PAEP and MUC20) (Turco et al., 

2017). Organoids could become a useful tool in the study of endometrial development, 

allowing functional studies to be performed. 
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Endometrial gland secretions 

Proteomic studies have enabled the identification of multiple proteins present in 

human endometrial secretions. Endometrial cavity flushing’s however, must be taken with 

caution due to the cavity being an admixture of oviduct fluid, endometrial and endometrial 

gland secretions (Cheong et al., 2013). Glandular secretions alone cannot be collected from 

uterine fluid in humans, therefore immunohistochemistry studies can locate endometrial 

gland secretions to the glandular epithelium. 

Endometrial gland secretions change across the menstrual cycle. For example, human 

defensin-5 and IL-6 are highly expressed in the glandular epithelium at the secretory phase 

of the menstrual cycle and more specifically IL-6 at the implantation window (Quayle et al., 

1998; Von Wolff et al., 2002). Primary cell culture has been used as a means of endometrial 

epithelial investigation in humans, however only the stage of the menstrual cycle such as 

the proliferative, secretory or late secretory phase was disclosed (Table 1.1). 

Endometrial production of microvesicles 

Animal models have provided evidence of endometrial extracellular vesicles and 

their role in transporting microRNA (miRNA) cargo in endometrial-conceptus 

communication (Bidarimath et al., 2017). Extracellular vesicles are a heterogeneous mix of 

membrane bound structures released by exocytosis, including exosomes and microvesicles. 

Microvesicles have been found in the uterus of fertile women and may be influenced by 

steroid hormones (Simon et al., 2018). These microvesicles are thought to play a role in 

endometrial–trophoblast communication (Evans et al., 2019; O’Neil et al., 2020). O’ Neil et 

al., (2020) reviewed in vitro experiments highlighting over 200 miRNAs derived from an 

endometrial epithelial cell line, predicted to regulate genes involved in embryo 

implantation (O’Neil et al., 2020). 
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Table 1.1 Human studies investigating endometrial gland secretion. 

Gland secretion Stage of 
menstrual cycle 

Patient groups Reference  

Interleukin (IL-6) Across the 
menstrual cycle 

Benign hysterectomy cases 
(n = 33) 

(Von Wolff et al., 
2002) 

 

Vascular endothelial growth factor (VEGF) Not specified Laparoscopy with fibroids 
(n = 6) 

(Hornung et al., 
1998) 

 

Metalloproteinase production n/a Human uterine stromal 
cells and human uterine 
epithelial cell line (n = 3) 

(Braundmeier et 
al., 2012) 

 

Migration inhibitory factor (MIF) Proliferative 
phase or 

secretory phase 

Benign hysterectomies (n = 
16) 

(Schaefer et al., 
2005) 

 

CA125 synthesis Proliferative 
phase or 

secretory phase 

Benign hysterectomies (n = 
27) 

(Weintraub et al., 
1990) 

 

Placental growth factor Proliferative 
phase or 

secretory phase 

Benign hysteroscopies (n = 
7) 

(Binder et al., 
2016) 

 

Lleukaemia inhibitory factor (LIF) Not specified Not specified (Xu et al., 2008)  

Inhibin Proliferative 
phase or 

secretory phase 

Benign hysterectomies (n = 
34) 

(Mylonas et al., 
2003) 

 

Ectonucelotide 
pyrophosphatase/phosphodiesterase family 

(ENPP3) 

LH + 7 days Fertile women (n = 9) (Boggavarapu et 
al., 2016) 

 

Human defensin-5 (HD-5) Proliferative 
phase or 

secretory phase 

Hysterectomies for fibroids 
or endometriosis (n = 28) 

(Quayle et al., 
1998) 

 

Mucin 1 (MUC1) LH surge + 2 to 9 
days 

Comparing recurrent 
miscarriage and controls 

(Hey et al., 1995)  

Glycodelin A Proliferative 
phase or 

secretory phase 

Benign hysterectomies (n = 
17) 

(Mylonas et al., 
2000) 

 

n/a = not applicable, LH = luteinising hormone 

Proteins have been identified within endometrial extracellular vesicles which are 

associated with endometrial receptivity. Microvesicles from total glandular and luminal 

epithelial cells of the implantation window conditioned medium, expressed intact 

EMMPRIN protein. Treatment with estradiol increased the release of the extracellular 

matrix metalloproteinase inducer (EMMPRIN) containing vesicles (Braundmeier et al., 

2012). Ectonucleotide Pyrophosphatase/Phosphodiesterase (ENPP) has also been reported 

in exosomes and on the apical epithelium of endometrial glands, suggesting ENPP3 is 

released into the endometrial gland lumen (Boggavarapu et al., 2016). ENPP3 can either 

increase or decrease the activity of glycans, which are present in both the endometrium 
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and endometrial secretions, reinforcing the important role of ENPP3 in the receptive 

endometrium (Korekane et al., 2013). 

In summary, animal models and human studies have established key endometrial 

secretions, controlled in a cyclic manner by steroid hormones. Endometrial gland secretory 

mechanisms are less understood. 

1.2.9 Cilia in the endometrium 

Endometrial glands consist of secretory cells and ciliated epithelial cells (Bartosch 

et al., 2011; Wang et al., 2018). Cilia are fine ‘hair-like’ structures that project from 

specialised cells, providing biologically important functions in the human body (Boutin & 

Kodjabachian, 2019). These include movement of the embryo down the fallopian tube, 

unidirectional movement of mucus in respiratory tracts and cerebrospinal fluid within brain 

ventricles (Guirao et al., 2010; Horani et al., 2016; Leigh et al., 2009). 

The last two decades saw a growing interest in the investigation of cilia and 

ciliopathies, however, the role of cilia on the endometrial epithelial surface and inside 

endometrial glands remains undetermined. Fallopian tubal cilia morphology is understood 

to change over the course of the menstrual cycle, under the influence of estrogen and 

progesterone (Critoph & Dennis, 1977). Endometrial cilia are also understood to act in a 

cyclic manner, increasing during the proliferative phase, remain until ovulation and then 

declining to approximately 20% (Bartosch et al., 2011; Masterton et al., 1975). A ciliated 

epithelial cell transcriptomic signature has been reported in the healthy endometrium, co-

expressed to a cell signature with no functional annotation (Wang et al., 2018). These 

findings highlight the need for functional studies to understand endometrial gland cilia in 

both health and disease phenotypes. 

Cilia are classified into three categories based on their internal axoneme 

microtubule arrangement, primary cilia, motile cilia and nodal cilia (Figure 1.4). The 

microtubule arrangement is uniform from base to tip, encompassed by plasma membrane 

contiguous to the cellular plasma membrane. Motile cilia cross-sections consist of nine 

outer doublet microtubules and one central pair, a 9 + 2 axoneme arrangement. The outer 

microtubule lattice acts in a sliding manner across each other, allowing cilia to move.  
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Microtubule motor proteins called dynein arms bind to the outer microtubule 

lattice and are responsible for generating a force that initiates cilia movement. Nexin inter-

doublet linkages, between the microtubule doublets, keep the nine outer microtubule 

doublets in a tight microtubule lattice. C-terminus regions of individual microtubules 

decorate the outer microtubule lattice, creating key interaction sites prone to post 

translational modifications. 

 

Figure 1.4 Cilia are classified into three categories by their internal axoneme 

microtubule arrangement, demonstrated by transverse cross-section in schematic. 

A cilium is anchored to the cell at the proximal end by a ciliary basal body, consisting 

of two appendages, a rootlet and the basal foot, which dictates the cilia beating direction. 

By linking the basal bodies together provides coordinated cilia orientation in a multi-ciliated 

cell, also known as rotational polarity (Spassky & Meunier, 2017). The coordination of cilia 

on an epithelial cell surface is facilitated by cilia basal body polarisation (Boutin & 

Kodjabachian, 2019). Super resolution imaging techniques such as STORM microscopy have 

made it possible to investigate the spatial arrangement of basal feet in primary and motile 

cilia (Liu et al., 2020). 

To generate cilia movement, motor proteins attached to the alpha tubulin subunits 

must be activated inside the cilium. Motor protein activation is thought to be mediated by 

central pair to radial spoke head interactions. Radial spoke head proteins are attached to 

the outer microtubule doublets and radiate into the centre of the cilium close to the central 

pair. The central pair is understood to have the ability to twist. As the central pair twists it 

interacts with the different radial spoke head proteins and activates their respective dynein 
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arms, mediated by kinesin enzymes (Omoto et al., 1999; Sawin et al., 1992). The precise 

role of the central pair is not established. Asymmetry in the central pair microtubules also 

implies selective control of the forward and backward bend in cilia. There are conflicting 

suggestions in the literature regarding the direction of the cilia beat, to be parallel or 

perpendicular to the central pair plane microtubule bridge between microtubule doublets 

5 and 6 (Satir et al., 2014; Smith & Yang, 2004). 

Primary cilia are individual cilia which protrude from the apical surface of many cell 

types, understood to play a sensory role through cellular signalling pathways such as Notch, 

Wnt and hedgehog signalling (Sreekumar & Norris, 2019; Wheway et al., 2018). Primary 

cilia have a 9 + 0 axoneme arrangement, lacking a central pair and motor proteins 

associated with the outer microtubule doublets, therefore lacking motility function. A third 

cilia type is the nodal cilium, present in the early embryo during the establishment of left-

right asymmetry (Wagner & Yost, 2000). Cilia are under a constant status of microtubule 

turnover, maintaining a constant cilia length. The process of ciliogenesis is of particular 

interest in the endometrium, due to the monthly shedding and regeneration as part of the 

menstrual cycle. 

Ciliogenesis 

Ciliogenesis is an assembly process that builds and maintains cilia through motor-

driven intraflagellar transport of tubulin subunits (Figure 1.5). To initiate ciliogenesis, basal 

bodies are generated from centriole replication, which then dock to the cellular plasma 

membrane. At the base of the cilium, the ‘transition zone’ has been proposed to act as a 

‘lipid gate’ maintaining separation between cellular and cilia regions (Gonçalves & Pelletier, 

2017). Ciliary pockets, located at the base of the cilium, also act as an interphase between 

cellular and cilia regions, however their full role is not fully understood. The cilia plasma 

membrane itself, is rich in phosphoinositols, where mutations to the ciliary membrane 

regulator poly-phosphate-5-phosphatase E result in primary cilia signalling defects (Jacoby 

et al., 2009). The basal body rootlet and the basal foot anchor on the apical plasma cell 

membrane ready for cilia construction and growth outside the cell (Ishikawa & Marshall, 

2011). 
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Figure 1.5 Intraflagellar transport (IFT) of tubulin subunits is responsible for the turnover of the microtubule lattice, catalysed by kinesin II. Anterograde 

transport is the movement of tubulin subunits up the cilium to the ciliary tip, and retrograde transport is the movement of old tubulin subunits down to the 

cilium base. The microtubule lattice is decorated with exposed tubulin C- terminus regions, and anchored to the cell membrane by the basal bodies. Transition 

zone and the ciliary pockets act as an interphase between ciliary and cellular compartments. 
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Motor protein Kinesin II is responsible for anterograde transport of microtubule 

cargo, towards the tip, and cytoplasmic dynein is responsible for retrograde transport. It is 

reported that a lack of Kinesin II can cause an imbalance in intraflagellar transport, leading 

to impaired cilia (Gerdes et al., 2009). In order for microtubule subunits to be used in 

intraflagellar transport, they are selectively passed from the cellular cytoplasm into the 

cilium cytoplasm via the transition zone where microtubules are converted from triplet 

microtubules into doublet alpha (α) and beta (β) microtubules (Gonçalves & Pelletier, 

2017). 

Ciliogenesis is regulated by transcription factors acting on different cilia structural 

components. Target genes have been identified by experimental work on model organisms, 

such as Drosophila and C. elegans (Burghoorn et al., 2012; Newton et al., 2012). The 

Regulatory factor X (RFX) gene family have been reported to act upon intraflagellar 

transport and the transition zone. Meanwhile, transcriptional factor Forkhead box protein 

J1 (FOXJ1) is understood to act upon cilia axoneme structures such as the central pair, radial 

spoke heads and dynein motor proteins. Two members of the RFX gene family, RFX2 and 

RFX3, are vital for motile cilia function. Altered RFX2 and RFX3 gene expression lead to 

impaired cilia motility (Chung et al., 2012; El Zein et al., 2009). FOXJ1 knockout mice have 

reported an altered 9 + 2 motile cilia axoneme arrangement, and impaired basal body 

docking to the apical cell membrane. Different signalling pathways may regulate the 

RFX/FOXJ1 ciliogenic network, including WNT FGF and NOTCH signalling. In the airways, 

higher notch activity is hypothesized to favour creation of secretory cells over ciliated cells 

(Rock et al., 2011; Whitsett & Kalinichenko, 2011). These transcriptional studies highlight 

the important role of transcription factors in ciliogenesis.  

In summary, cilia consist of a complex axoneme structure surrounded by a plasma 

membrane which require coordination for motility function. Functional animal studies have 

demonstrated RFX/FOXJ1 cascades are responsible for ciliogenesis and constant turnover 

of the microtubule lattice to maintain cilia length. Endometrial cilia morphology has been 

described by traditional 2D microscopy techniques and a transcriptomic profile has been 

established for the endometrial ciliated epithelial cell type. Functional studies however, are 

required to understand the role of cilia inside endometrial glands. 
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1.2.10 Tubulin 

Two tubulin superfamilies’ α-tubulin and β-tubulin polymerise to form microtubules 

in eukaryotic cells, which perform essential cellular functions such as the movement of fluid 

across specialised tissues and mitotic spindle during cell division. β-tubulin proteins are 

encoded by nine genes (TUBB1-9) and different isoforms are more or less prone to post 

translational modifications at the C-terminus tail regions that decorate the outside of the 

microtubule lattice (Figure 1.5). The expression and incorporation of these tubulin isoforms 

into the microtubule lattice can affect the structure and function of a cilium. 

Tissue specific tubulin enrichment 

Multiple tubulin protein isoforms can intermingle in the microtubule lattice (Lewis 

et al., 1987), therefore a cilium does not consist of just one tubulin gene (TUBB) isotype 

only. Specific ciliated cell types are enriched in tubulin isotypes, for example, neuronal 

microtubules are enriched in TUBB3, where point mutations of this gene lead to neuronal 

diseases (Joshi & Cleveland, 1989; Tischfield et al., 2010). Meanwhile, platelet marginal 

bands are enriched in TUBB1, where point mutations in this gene lead to bleeding disorders 

(Fiore et al., 2017; Wang et al., 1986). The mechanism of tubulin enrichment selectivity has 

been reported to involve the selective interaction between the motor protein kinesin II and 

α-tubulin. Affinity chromatography has been performed to identify different tubulin 

isoforms co-purified with kinesis-2 tail fragments, reporting a preferential association with 

α-tubulin-1 isotype. No β-tubulin isoforms however, were identified from the tubulin pool 

(Girotra et al., 2017). These mechanisms, among others, could be responsible for tubulin 

enrichment in different tissue types. 

Tubulin post-translational modifications 

Post-translational modification is the process where proteins are modified after 

they have been synthesised, such as the addition or modification of functional groups. α-

tubulin and β-tubulin are modified on their C-terminus end, most commonly by 

tyrosination, glutamylation and glycylation. Tyrosination is specific to α-tubulin, and is the 

reversible addition of a tyrosine group to tubulin (Arce et al., 1975). Tyrosination is 
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catalysed by the enzyme tubulin tyrosine ligase (TTL), however the enzyme catalysing the 

reverse step tyrosination is not fully established (Prota et al., 2013). 

Glutamylation and glycylation modify the C-terminus region of α-tubulin and β-

tubulin by the enzymatic addition of a glutamate or glycine residue (Eddé et al., 1990; 

Redeker et al., 1994). Subsequent additions of glutamate of glycine residues is called 

polyglutamylation and polyglycylation. Glutamylases and glycylases catalyse these 

reactions, where enzymes have a preference for α-tubulin or β-tubulin. Primary cilia 

polyglutamylation regulation was investigated in a human retinal pigment epithelium cell 

line Htert-rpe-1. Glutamylases TTLL5 and TTLL6 were reported to regulate the level of 

polyglutamylation. A co-depletion of TTLL5 and TTLL6, however, did not bring the 

glutamylation signal in the cytoplasm-cilia entry zone, the transition zone, to a stop. This 

suggests that other glutamylases regulate polyglutamylation in primary cilia (He et al., 

2018). Targeting pathways at the point of cilia entry could lead to potential therapeutics. 

Polyglutamylation has been reported to regulate flagellar dynein motors, in turn affecting 

cilia beat function (Kubo et al., 2010). In contrast to polyglutamylation, polyglycylation is 

understood to regulate axoneme stability in a zebrafish model (Pathak et al., 2011). 

Other types of post-translational modification include acetylation, which is the 

addition of an acetyl group into the lumen of the microtubule lattice. Access to the 

microtubule lumen is therefore essential (Coombes et al., 2016). A β-tubulin acetylation 

event was confirmed on lysine 252 expected to be associated with microtubule 

polymerisation (Chu et al., 2011). 

In summary, tubulin enrichment and post-translational modification susceptibility 

are important contributors to axoneme structure and function, and in turn cilia motility. 

 Altered endometrial phenotype in unsuccessful pregnancy 

1.3.1 uNK cells in recurrent pregnancy loss 

Endometrial stromal cells play important roles during embryo implantation, including 

recruitment of immune cell populations, hormone signalling to the luminal surface 
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epithelium and stromal-epithelial cross talk (Hantak et al., 2014; Chen et al., 2013; 

Gellersen & Brosens, 2014). uNK cells have been studied as immunological markers for 

recurrent pregnancy loss and are thought to play a role in reproductive performance 

(Moffett & Shreeve, 2015; Quenby et al., 1999). A lack of HLA-C groups and KIR activation 

has been reported in women with a history of recurrent pregnancy loss (Hiby et al., 2009). 

Recurrent pregnancy loss has also been associated with a pro-senescent decidual response, 

including altered gene expression of Scavenger Receptor Class A Member 5 (SCARA5) and 

Iodothyronine Deiodinase 2 (DIO2) (Lucas et al., 2020) and a lack of mesenchymal stem cell 

differentiation (Lucas et al., 2016). uNK cells have been reported to clear senescent 

decidual cells, so a pro-senescent response could suggest a change in uNK regulation 

(Brighton et al., 2017).  

To investigate uNK cells in endometrial tissue of recurrent pregnancy loss patients, 

uNK cell numbers have been histologically compared between recurrent pregnancy loss 

patients and control groups. These methods have included a measure of cell count and cell 

percentage of the relative endometrial tissue sections. A review by Seshadri and Sunkara 

(2014) highlight the discrepancies between study outcomes when uNK cell populations are 

quantified by different 2D immunohistochemistry quantification methods. Results varied 

dependent on the method of uNK quantification. No significant difference was found in 

recurrent pregnancy loss versus controls when evaluating uNK cells as a percentage of 

stromal cells (Lachapelle et al., 1996; Michimata et al., 2002; Quenby et al., 1999; Shimada 

et al., 2004; Tuckerman et al., 2007). uNK cell numbers in women with recurrent pregnancy 

loss were significantly higher compared with controls, when uNK cells were presented as 

numbers reported (Clifford et al., 1999). An increased infiltration of uNK cells and Treg cells 

has also been associated with an increased risk of recurrent pregnancy loss, uNK cells 

counted as number of cells/ mm2 (Lyzikova et al., 2020). 

There is a need to standardise uNK measurements, in order to reduce variation of 

results between clinical centres and allow translation of NK research into clinical practise 

(Chiokadze and Kristesashvili 2019). Less uNK cell variation was reported when a 

standardised method of 2D immunohistochemistry uNK cell measurements was applied 

by multiple clinical centres (Lash et al., 2016). These standardised uNK methods have 
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been applied to recent 2D immunohistochemistry studies, where results demonstrate a 

decrease in uNK cells in endometrium from women with recurrent pregnancy loss 

compared to controls (Lucas et al., 2020). 

Stromal-epithelial cross talk has been shown via two distinct cell pathways; the 

canonical WNT/β-catenin-dependent pathway and the non-canonical β-catenin-

independent pathway. Mouse studies have proposed that WNT5a signalling through a non-

canonical pathway alters the E-cadherin-β-catenin complex in the uterine epithelium 

resulting in a lack of epithelial cell breakdown and subsequent embryo implantation 

(Hantak et al., 2014). The non-canonical WNT receptor Ror-2 has been investigated in the 

mouse model, and shown to be expressed in uNK cells during early pregnancy (K et al., 

2010).  

In summary, there are discrepancies between the number of uNK cells reported 

when endometrial biopsies are investigated by 2D immunohistochemistry techniques. 

Further work is required to establish the 3D arrangement of uNK cells in the 

endometrium of women with recurrent pregnancy loss, which will contribute towards 

standardising uNK measurements between different clinical settings.  

1.3.2 Endometrial gland morphology in recurrent pregnancy loss 

Reduced concentrations of glandular products MUC-1, LIF and Glycodelin have been 

reported in the uterine flushing’s of women with recurrent pregnancy loss (Dalton et al., 

1998; Mikołajczyk, et al., 2003). Altered glandular secretions suggest abnormal glandular 

function, yet the structure and function of endometrial glands in recurrent pregnancy loss 

is yet to be determined. Endometrial gland morphology has been investigated by a variety 

of histology techniques including light microscopy, transmission electron microscopy (TEM) 

and scanning electron microscopy (SEM) in clinical groups including pre-pregnancy 

endometrium, early pregnancy, recurrent implantation failure, endometriosis and 

miscarriage (Bahar et al., 2015; Bidarimath et al., 2017; Kara et al., 2007; Roshangar et al., 

2013). 
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Glandular ultrastructural changes have been reported in the endometrium of women 

with recurrent implantation failure. The number of pinopodes at the apical surface of the 

endometrium were lower in women with recurrent implantation failure (Bahar et al., 

2015). Luminal epithelial pinopode number has been proposed as an endometrial 

receptivity marker  associated with the clinical pregnancy rate and the implantation rate 

following IVF procedures (Jin et al., 2017; Qiong et al., 2017). Artificial hormone 

replacement therapy however, was applied prior to endometrial biopsy collection, which 

would not represent the natural cycling endometrium (Jin et al., 2017). Endometrial 

pinopodes can be used alongside the quantification of endometrial secretory cells and 

ciliated cells to determine if there is a morphological phase delay in the endometrium 

(Aunapuu et al., 2018). No change in pinopode coverage was reported however, in the 

endometrium of women with recurrent pregnancy loss (Xu et al., 2012). The role of 

increased extracellular protrusions during endometrial receptivity, is yet to be determined.  

Miscarriage decidua ultrastructure was compared to normal pregnancy decidua by 

SEM and TEM. Decidual cells were demonstrated to possess several polyploidic protrusions 

on cell membranes. Decidual cells from non-miscarriage cohort were found to develop jap-

junctions in interfaces between each other. In contrast, decidual cells obtained from 

miscarriages showed infiltration to be significantly lower, thus in miscarriage it is 

hypothesised that intercellular communications are lacking, associated with an increase in 

the number of uNK cells (Kara et al., 2007). 

In summary, glandular structural differences in the endometrium of recurrent 

pregnancy loss is not well understood. 3D imaging techniques could enhance our 

understanding of glandular structures and their spatial relationships.  

1.3.3 Endometrial gland transcriptome in recurrent pregnancy loss 

Candidate gene and microarray studies have attempted to identify a gene expression 

profile that predicts the endometrial status in terms of receptivity or implantation success 

(Díaz-Gimeno et al., 2011). The gene panel used by the ERA did not associate a non-

receptive endometrium with implantation failure (Ruiz-Alonso et al., 2013). Microarray and 

RNA sequencing studies however, have indicated an association between an altered 
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endometrial gene expression profile and implantation failure during the window of 

implantation (Chen et al., 2018; Koot et al., 2016; Macklon, 2017). There has not been a 

consistent pattern of gene expression across all studies that relates to these conditions, 

potentially due to the differences in methodology and endometrial heterogeneity not being 

taken into account (Table 1.2).  

The gene expression profile of endometrium from women with recurrent pregnancy 

loss is less established. The endometrium from women with recurrent pregnancy loss has 

been compared to the endometrium from other unsuccessful pregnancy patient groups 

such as recurrent implantation failure (Huang et al., 2017). Recent single cell RNA 

sequencing approaches have also identified cell signatures in control endometrium and a 

differential gene expression profile in stromal cell types of endometrium from women with 

recurrent pregnancy loss (Lucas et al., 2020). A comparative gene expression analysis, 

however has not been performed between endometrial glands from women with recurrent 

pregnancy loss and fertile controls. This approach would allow the transcriptome from 

endometrial glands to be analysed without being obscured by other endometrial cell types.  
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Table 1.2 Endometrial transcriptome study comparison 

Method Animal 
model Study groups/tissue Finding Reference 

Microdissection 
of isolated cell 

types 
 

RNA-sequencing 

Sheep 

Endometrial luminal 
epithelium, glandular 

epithelium, the conceptus 
and endometrial luminal 

fluid during the peri-
implantation period of 

pregnancy 

Genes expressed in 
luminal epithelium and 

glandular epithelium 
involved in cell survival 

and growth 

(Brooks, Burns, Moraes, & 
Spencer, 2016) 

RNA-sequencing Human 

Comparing long noncoding 
RNA and messenger RNA in 

endometrium of women 
with RIF following IVF 

embryo transfer and control 
(LH + 3 - 7) 

Identified 742 long 
noncoding RNA 

differentially expressed 
genes and 460 m RNA. Cis-
regulated target genes of 
long noncoding RNA were 

clustered into TNF 
signalling pathways and 

toll-like receptor signalling 
pathway 

(Chen et al., 2018) 

FACS cell sorting 
 

RNA-sequencing 
Human 

2 samples (1) (LH + 8) and 
(2)- Day 25 late secretory 

with known endometriosis. 
CD39 stroma and CD9 

epithelium 

Genes more active in 
cultured stromal cells 

compared to biopsy. Low 
RNA yield from cultured 

epithelium caution 

(Krjutškov et al., 2016) 

RNA-sequencing Human 
Pre-receptive (LH + 2) versus 
receptive endometrium (LH 

+ 7). 

1099 genes were up-
regulated at LH + 7 

compared to LH + 2, and 
1273 down-regulated. 

Mineral absorption 
pathway was most active 

for upregulated genes 
while cell cycle for down 

regulated 

(Hu et al., 2014) 

Microarray Human RIF vs controls (LH + 6 - 7) 

303 genes predictive of 
RIF, suggestive that RIF is 
primarily associated with 

reduced cellular 
proliferation 

(Koot et al., 2016) 

RNA-sequencing Human RIF/RM vs controls (LH + 7) 

Complementary and 
coagulation cascades 

pathway was up-regulated 
in RIF, while down 
regulated in RM. 

(Huang et al., 2017) 
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1.3.4 Ciliopathies in reproduction 

Ciliopathies can result from gene mutations, affecting cilia structure and function. 

Motile cilia in the fallopian tubes are important in gamete and embryo transport. Infections 

such as chlamydia, are understood to reduce the cilia beat frequency of tubal mucosa 

(Lyons et al., 2006), clinically recognised as ‘immotile cilia syndrome’ or tubal infertility. 

Endometrial cilia, investigated by TEM, are identified on the luminal epithelial surface and 

endometrial glands (Bartosch et al., 2011). Cilia axoneme defects have been reported in a 

recurrent implantation phenotype, including impaired microtubule arrangement in the 

ciliary shafts and the deletion of central tubules (Denholm & More, 1980; Fedele et al., 

1996), associated with a disrupted hormonal milieu (More & Masterton, 1976). These 

ciliary structural impairments may influence cilia beating and coordination.  

The 3D structure of endometrial gland cilia and their role in moving glandular 

products is not understood. The ciliopathy primary cilia dyskinesia (PCD) is a well-studied 

condition which impacts the motile ciliary beat function of the mucosal-ciliary elevator in 

the respiratory system. 

Primary ciliary dyskinesia 

PCD is a genetic defect which causes reduced or non-functional cilia, with the main 

consequence being frequent respiratory infections (Van’s Gravesande & Omran, 2005). Of 

those women that have PCD, approximately 30% will be infertile. PCD provides a well-

studied reference point for associated genetic and structural ciliary axonemal impairments. 

Multiple methods can be used to clinically assess PCD, including genetic profiling, electron 

microscopy and cilia beat frequency. The results of these investigations are not always 

consistent, such that cilia may only be shown to be impaired in one or more but not all 

techniques. Approximately 30 known gene mutations have been found to underlie PCD 

(Lucas et al., 2017). Studies applying TEM or genetic profiling as the standard method of 

PCD assessment could exclude PCD patients where the cilia axoneme ultrastructure is 

normal or the genetic mutation is unknown (Lucas et al., 2017). This reinforces that 

ciliopathy identification, in the respiratory system or the endometrium, requires a more 

established understanding of gene mutations and their respective structural impairments.  
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Ciliary function in the airways is understood to be regulated by genetic and 

environmental factors. There is emerging evidence of an association between lung disease 

and environmental stimuli such as air pollutants and smoking (Cao, et al., 2020), via the 

chemosensory ability of motile cilia (Shah et al., 2009). Women who smoke have an 

increased risk of ectopic pregnancy and increased incidence of tubal infertility (Bouyer et 

al., 2003). Together, these studies provide evidence that glandular cilia could be influenced 

on a genetic and an environmental level, influencing the regrowth and differentiation of 

cilia at every menstrual cycle. 

 3D imaging of the endometrium 

3D imaging provides a more representative approach to studying biological 

samples, overcoming some restrictions imposed by traditional 2D imaging techniques, as 

reviewed in the placenta (Lewis & Pearson-Farr, 2020). 3D modelling has been applied to 

endometrial animal models, providing insights into the site of embryo implantation, the 

long axis of the endometrial horn and endometrial gland organisation (Hondo et al., 2007). 

Changes made to the luminal surface of the endometrium during implantation preparation 

have also been reported (Arora et al., 2016). 

Three-dimensional imaging 

A 3D reconstruction of the mouse uterus was prepared using paraffin cross sections 

from pregnant and non-pregnant uteri (Hondo et al., 2007). Both the ‘lateral edge’ being 

the luminal epithelium and gland outline were traced on a digital image and then aligned 

together using image software. Their evidence suggests that the implantation site in mice 

is programmed to form relative to the long axis of the endometrial horn, and an embryo is 

implanted in the region where endometrial glands are localised from the lateral to the anti-

mesometrial region of the endometrial horn (Hondo et al., 2007). Changes to mouse 

endometrial gland orientation have been identified during early pregnancy. Reorientation 

was demonstrated to be concurrent with implantation at gestational day 4.5, in comparison 

to non-pregnant endometrial glands. Endometrial glands of a pregnant mouse also 

demonstrated further coiling (Arora et al., 2016). 
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In summary, 3D imaging approaches have shed light on the macroscale of 

endometrial glands, alterations made during early pregnancy and the location of 

endometrial glands. Advances in automated image segmentation and machine learning has 

the ability to distinguish between different endometrial cell types (Downing et al., 2019). 

By investigating endometrial 3D ultrastructure with automated/semi-automated image 

analysis methods, will provide novel insights into endometrial structure and function. 

 Aims 

This thesis aims to apply multi-scale 3D imaging techniques to investigate if there is 

an association between recurrent pregnancy loss and the spatial relationships of 

endometrial glands. The project aims to start with whole endometrial tissue, and then work 

progressively to the glandular cilia subunits important for the glandular milieu (Figure 1.6). 

1) To investigate the association between recurrent pregnancy loss and the 3D spatial 

relationships of endometrial stromal cells to endometrial glands using a novel 3D approach 

2) To investigate endometrial gland architecture by multiscale and multimodal 3D 

imaging 

3) To investigate the association between recurrent pregnancy loss and the gene 

expression profile of isolated endometrial glands 

4) To investigate the association between recurrent pregnancy loss and β-tubulin 

expression in endometrial gland cilia 

 



Chapter 1 General introduction 

37 

 

 

Figure 1.6 A multi-scale and multi-modal approach to investigating the architecture and gene expression profile of endometrial glands during the window 

of implantation. 1) From endometrial cellular spatial relationships, 2) and 3) endometrial glands (purple lines represent glandular ciliated epithelial cells) to 

4) subunits of endometrial gland cilia.
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 Contributions 

Work was carried out by myself, other than the techniques stated below: 

• Dr Sybil Jongen carried out RNA extraction, bioanalyser quality check, library 

preparation, RNA sequencing and differential gene expression analysis of isolated 

endometrial glands that I had prepared. 

• Patricia Goggin drove the 3-view serial block face SEM on 3-view pins I had 

prepared. 

• Regan Doherty drove the tilt Hitachi TEM to image glandular cilia ultrastructure of 

thin sections (90 nm) that I had prepared. 

 Participant recruitment and endometrial tissue collection  

2.2.1 Participant recruitment 

Participants that met the study criteria (Table 2.1), were recruited for collection of 

an endometrial tissue biopsy at a tertiary fertility and gynaecology referral centre in 

Southampton. These included recurrent pregnancy loss, subfertility and control 

participants. Control participants were recruited from healthy fertile women who elected 

to donate eggs at the local fertility centre in Southampton having met the criteria for egg 

donation. Informed written consent was given by all participants, and ethical approval for 

this study was given by the Isle of Wight, Portsmouth & South East Hampshire Research 

Ethics Committee (08/H0502/162).  

An anonymous study ID number was given to the participant, which was linked to 

participant clinical characteristics. Demographics included age and body mass index (BMI). 

Menstrual cycle characteristics included day of the menstrual cycle, length of menstrual 

cycle, number of days bled, and whether the menstrual cycle was regular or irregular. 

Fertility history included contraceptive use, number of pregnancies, live births, and 

subsequent miscarriages. Smoking status and sexually transmitted infection history were 

also recorded.  
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Table 2.1 Participant inclusion and exclusion criteria. 

Participant Criteria 

Aged between 18-45 years old 

Not suffering from premature ovarian failure or any infective processes 

Not receiving treatment for any systemic infection 

Not on hormonal treatment 

2.2.2 Endometrial tissue collection 

Endometrial biopsies were collected within a seven-day window of the menstrual 

cycle, 4-10 days post the luteinising hormone surge (LH + 4 - 10), encompassing the window 

of implantation (LH + 7 - 10). A consistent sampling collection period was important to 

ensure all samples were in a similar biological state, as the endometrium changes to a 

receptive state during the window of implantation only. A seven-day sampling window was 

used in this study, due to sample availability at the time of tissue processing. Menstrual 

cycle day was self-reported, based on a participant’s last menstrual bleed. 

Endometrial biopsies (approximately 1.5 cm x 0.5 cm) were collected by a Pipelle 

sampler (Laboratorie C.C.D) (Stocker et al., 2017) by the clinician prior to any surgical 

intervention, if any. One endometrial sample was obtained per participant and divided into 

five. One endometrial piece was immersed into the main electron microscopy fixative (3% 

glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4), two endometrial pieces were 

immersed into RNAlater® (Thermo Fisher Scientific, UK) to stabilise RNA, and the remainder 

of the tissue biopsy divided in half. The first half was placed in a serum free 50:50 mix of 

Dulbecco’s modified Eagle’s medium (DMEM, Lonza, Cambridge, UK) and Ham’s F12 

nutrient mixture (Lonza, Cambridge, UK) supplemented with 5% penicillin streptomycin 

(Lonza, Cambridge, UK) for endometrial gland isolation. The remaining half was fixed for 2 

h at 4°C in 4% paraformaldehyde (PFA, Sigma Aldrich, UK) in phosphate buffered saline 

(PBS, 0.01 M phosphate buffer 0.0027 M potassium chloride and 0.137 M sodium chloride 

at pH 7.4, Sigma, Dorset, UK) for imaging (Figure 2.1). After fixation the tissue was stored 

in 0.1% sodium azide (Fisher Scientific, UK) in PBS at 4°C. The endometrial piece immersed 

in the main electron microscopy fixative (3% glutaraldehyde in 0.1 M cacodylate buffer at 
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pH 7.4) was stored at 4°C until processing for electron microscopy. Endometrial pieces in 

RNAlater® were stored at 4⁰C overnight and then long-term at -80⁰C. All samples were 

labelled appropriately with their participant anonymous study ID, referencing the study 

number and date of collection.  

 

Figure 2.1 The separation of an endometrial biopsy for different applications. 1) Tissue 

fixation for imaging, 2) media for endometrial gland isolation, 3 and 4) RNAlater® for 

RNA extraction and 5) main electron microscopy fixative for high resolution 

microscopy. 
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 Immunohistochemistry on tissue sections 

Fluorescence immunohistochemistry was carried out on 10 µm endometrial tissue 

sections to establish optimal antibody dilutions for wholemount immunohistochemistry. 

Immunohistochemistry was also carried out on nasal brushing culture preparations. These 

were used as wholemount immunohistochemistry positive controls (donated by 

Southampton PCD team Professor Lucas, Southampton and South West Hampshire 

Research Ethics Committee A CHI395, 07/Q1702/109). 

2.3.1 Principles of immunohistochemistry 

Immunohistochemistry is a common application that uses positive immune-

reactivity of antibodies raised to specific cell markers, first established by Albert Coons in 

1941 (Coons et al., 1941). Visualising an antigen-antibody interaction is achieved in multiple 

ways by the addition of secondary antibody-mediated detection. The two most popular 

methods of secondary antibody detection are enzyme mediated chromogenic detection, 

through the production of coloured pigments, and fluorophore mediated detection by 

fluorescent detection. In chromogenic detection, an enzyme label reacts with a substrate 

to yield a coloured product that precipitates at the site of the antigen, which is detected by 

light microscopy. Alternatively, a fluorescent secondary antibody can be added with 

specific binding for the host species of the primary antibody, detected on a fluorescent 

microscope. Fluorescent imaging was the chosen application for this study. 

2.3.2 Principles of fluorescence 

Fluorescence is a process where an electron absorbs light at a given energy level 

and wavelength (Willem Borst & Visser, 2010). An electron begins at ground energy state 

(S0). The electron is then raised to higher energy levels 1 (S1) and 2 (S2) when absorbing 

excitation light (Figure 2.2) (Jablonski, 1933). A concept known as the Stokes shift then 

occurs where a lower energy and longer wavelength is then emitted (Stokes, 1852). The 

fluorescence lifetime (Tnsec) is the time that a molecule will remain at the excited state 
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before returning to the grounded energy state (Lleres et al., 2007). Fluorescently 

conjugated secondary antibodies allow positive primary immuno-reactivity to be identified.  

 

Figure 2.2 Jablonski energy diagram demonstrating the change in energy state of an 

electron during fluorescence, adapted from lleres et al., 2007. 

One problem associated with fluorescence imaging is autofluorescence, which can 

emit a stronger signal than that given by the immunofluorescence of cells/proteins of 

interest. Autofluorescence occurs when components of fixed human tissue emit bright 

fluorescence when exposed to fluorescent light, with no need for antibody staining. 

Components such as the extracellular matrix emit a large amount of autofluorescence, due 

to their relatively high quantum yield, which hold a high fluorescence intensity (Monici, 

2005). 

2.3.3 Immunohistochemistry of tissue sections for fluorescence microscopy 

Immunohistochemistry was performed on endometrial cryo-sections and nasal 

brushing culture preparations (Figure 2.3), immunohistochemistry reagents (Table 2.2). 

Endometrial samples were snap frozen in liquid nitrogen and cut into 10 µm sections on 

the cryostat at -20°C by Jon Ward from the Histology Research Unit. Nasal brushing culture 

preparations were donated by Southampton PCD team Professor Lucas. Nasal brushings  
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Figure 2.3 Immunohistochemistry on endometrial tissue sections and nasal brushing epithelial cells for fluorescent microscopy. PFA = 

paraformaldehyde, PBS = phosphate buffered saline, BSA = bovine serum albumin, DAPI = 4′,6-diamidino-2-phenylindole.
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were retrieved from healthy volunteers, were cultured to re-establish functional 

motile ciliated cells on a glass slide and frozen at -20°C. Immunohistochemistry 

experiments were accompanied by a negative control where the primary antibody was 

omitted, which checks for non-specific binding of the secondary antibody. To demonstrate 

a positive immunohistochemistry reaction, western blot validation is required.  

Pre-immunohistochemistry, antigen retrieval experiments were carried out as part 

of antibody optimisation. Heat treatment in 2 ml citrate buffer (0.01 M citrate buffer pH 

6.0) and pronase enzyme treatment (1% pronase in PBS) were applied. 

Immunohistochemistry was carried out at room temperature unless stated 

otherwise. Tissue sections were fixed in 4% PFA for 30 min, followed by 3 x 5 min PBS 

washes. Tissue sections were then permeabilised with 0.5% TitronTM X-100 for 15 min, 

followed by 3 x 5 min PBS washes. To block non-specific antibody binding sites, tissue 

sections were incubated in 2% bovine serum albumin (BSA) in PBS for 20 min. Incubation 

with the respective primary antibodies was undertaken at 4°C overnight, followed by 3 x 5 

min PBS washes. Tissue sections were incubated with respective secondary antibodies and 

a nuclear stain 4′,6-diamidino-2-phenylindole (DAPI) at 2 µg/ml for 1 h, followed by final 3 

x 5 min PBS washes. 

Table 2.2 Reagents for immunohistochemistry. 

• 4′,6-diamidino-2-phenylindole (Sigma Aldrich, UK) 

• Bovine serum albumin (Sigma, Dorset, UK) 

• Citrate acid crystals (Fisher Scientific, UK) 

• Paraformaldehyde (Sigma Aldrich, UK) 

• Phosphate buffered saline (Sigma, Dorset, UK) 

• Pronase (Dako, UK) 

• Sodium hydroxide (Fisher Scientific, UK) 

• TitronTM X-100 (Sigma Aldrich, UK) 
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2.3.4 Fluorescent microscopy of tissue sections 

Endometrial tissue sections were imaged on the Fluorescent microscope Zeiss KS400 

(Ziess, UK), at 10 x and 40 x magnification, images saved to the Biomedical Imaging Unit file 

store. A fluorescence microscope works by illuminating the tissue section with a high-

energy source, which is absorbed by fluorophores attached to the tissue indirectly by 

secondary antibody application. Fluorophores emit a longer lower energy wavelength light, 

which can be separated from the surrounding light by filters designed for specific 

wavelengths. The detection of different wavelengths is made possible by using different 

emission filters. 

 Wholemount immunohistochemistry 

2.4.1 Principles of wholemount immunohistochemistry 

The principles of immunohistochemistry and fluorescent imaging hold true for 

wholemount immunohistochemistry, described in section 2.3. Wholemount 

immunohistochemistry overcomes the requirement to cut the tissue into individual 

sections, allowing the investigation of whole tissue pieces, therefore, less disruptive 

compared to immunohistochemistry on tissue sections. Samples processed by 

wholemount immunohistochemistry were imaged via the fluorescent confocal laser-

scanning microscope. After secondary antibody incubation, endometrial samples 

underwent optical clearing with organic solvent 2,2’ Thiodiethanol (TDE) to overcome the 

limitation of light scatter, allowing a whole piece of tissue to be imaged, whilst resolving 

the ‘micro’ details (Richardson & Lichtman, 2017). 

2.4.2 Wholemount immunohistochemistry of endometrial tissue pieces for confocal 

laser scanning microscopy 

A wholemount immunohistochemistry protocol was carried out on endometrial 

tissue pieces (approximately 1.5 mm3, Figure 2.4) to prepare them for confocal-laser 

scanning microscopy (Figure 2.6). All steps were carried out on a specimen roller at room 
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temperature to ensure that the tissue was constantly moving in solution, unless stated 

otherwise. A negative control sample was also processed by omission of the primary 

antibody, to check for non-specific staining of the secondary antibody. Reagents for 

wholemount immunohistochemistry (Table 2.3). 

Endometrial tissue pieces were washed in 5 ml PBS and then permeabilised with 

0.5% TitronTM X-100 for 1.5 h, followed by 3 x 5 min PBS washes. The tissue was then 

blocked with 2% BSA in PBS for 1 h at room temperature. Following tissue blocking, primary 

antibody incubation was carried out immediately. Primary antibody incubation was 

undertaken in 75 µl PBS via a droplet technique at 4°C overnight (Figure 2.5). The rationale 

behind the droplet technique was to ensure a concentrated liquid around the samples 

during their primary incubation. Droplets were made on a parafilm surface in a closed 

container, above damp cloths to ensure the droplets did not dry out. 

Following another 3 x 5 min PBS washes, the secondary antibody incubation was 

carried out with DAPI at 2 µg/ml for 2 h on a moving plate, followed by 3 x 5 min PBS 

washes. Endometrial tissue pieces were optically cleared by gradually displacing PBS with 

TDE, via stages 10% 25% 50% and 97%. Each tissue clearing step was left for a minimum of 

30 min. Once complete, the tissue pieces were stored in 97% TDE in PBS at 4⁰C until imaging 

on the confocal laser scanning microscope. 
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Figure 2.4 Endometrial pipelle biopsies prepared for wholemount 

immunohistochemistry. A) Fixed endometrial biopsies were cut into B) small pieces of 

approximately 1.5 mm3. 

 

Figure 2.5 The droplet technique developed for primary antibody incubation 

overnight. Droplets on parafilm in a humidified container. Incubation in this way 

reduces the amount of antibody required.

A B 
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Figure 2.6 Processing of endometrial tissue pieces (orange) by wholemount immunohistochemistry for confocal laser scanning microscopy. 

PFA = paraformaldehyde, PBS = phosphate buffered saline, BSA = bovine serum albumin, DAPI = 4′,6-diamidino-2-phenylindole, TDE = 2,2’ 

Thiodiethanol.  
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Table 2.3 Reagents for wholemount immunohistochemistry. 

• 1.5 – 3 mm3 human tissue fragments  

• 2,2’ Thiodiethanol (Fluka Analytical) 

• 4′,6-diamidino-2-phenylindole (Sigma Aldrich, UK) 

• Bovine serum albumin (Sigma, Dorset, UK) 

• Paraformaldehyde (Sigma Aldrich, UK) 

• Phosphate buffered saline (Sigma, Dorset, UK) 

• TitronTM X-100 (Sigma Aldrich, UK) 

 Confocal laser scanning microscopy 

2.5.1 Principles of confocal laser scanning microscopy applied to tissue samples 

The confocal microscope is a multi-laser fluorescent microscope, which allows 

samples to be imaged in 3D by optical sectioning. Endometrial tissue that has been optically 

cleared into 97% TDE in PBS (described in principles of wholemount 

immunohistochemistry) is placed into a chamber and covered with 97% TDE, so to prevent 

the tissue drying out during imaging. The chamber containing the endometrial tissue 

sample is placed onto the confocal microscope stage for imaging.  

Multiple lasers of different wavelengths scan the tissue sample (Figure 2.7), each 

exciting fluorophores within its wavelength. Fluorophores attached to a specific cell 

marker, are detected and imaged in the z-direction by optical sectioning. Optical sectioning 

scans the sample from top to bottom, or vice versa, creating a stack of consecutive images 

per cell marker, depicted as one channel. Multiple channels are imaged at once by avoiding 

the crossover of emission and excitation wavelengths between different fluorophores. This 

is important in experimental planning and scanning settings. Sequential imaging arranges 

a set sequence of lasers, so that lasers of a similar wavelength do not excite the tissue at 

the same time. Confocal laser components such as the pinhole and the dichromic mirrors, 

allow laser wavelength spectrum to be adjusted, for example narrowed, before the laser 

excites the tissue with a high energy source. 
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Figure 2.7 Principles of confocal laser scanning microscopy. Fluorophores on a sample 

(orange) are excited by lasers with specific wavelengths and the resulting emissions 

detected by the microscope. Focusing the microscope at different depths allows a 

stack of consecutive images can be generated providing 3D information. By exciting 

different fluorophores with different wavelengths lasers multiple cell markers can be 

identified. 

2.5.2 Wholemount confocal laser scanning microscopy of endometrium 

Endometrial tissue pieces were imaged on the SP8 confocal laser-scanning 

microscope (Leica Microsystems, Germany), by laser scanner settings (Table 2.4). For each 

experiment, negative control samples, by omission of the primary antibody, were used to 

check for no non-specific binding of the secondary antibody and set the microscope laser 

settings for the respective study samples. Different lasers were used to detect individual 

cell markers, fluorophore information (Table 2.5). The objective and voxel size were specific 

by experiment. All data files saved onto the Biomedical Imaging Unit file store. 
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Table 2.4 Settings applied for the SP8 confocal laser-scanning microscope. 

Setting Applied 
Smart offset (%) -1.0 

Scan field rotation (⁰) 90.00 
Pinhole (AU) 1.00 

Zoom 0.75 
Format (pixels) 1024 x 1024 
Scan speed (Hz) 600 

Line average 4 

AU = airy unit, Hz = hertz 

Table 2.5 Excitation and emission wavelengths for fluorophores used. 

Secondary 
antibody/ fixed 

conjugate 

Excitation 
wavelength (nm) 

Emission 
wavelength (nm) 

Confocal laser 
(nm) 

DAPI 359 461 405 
FITC 495 519 488 

Dylight 550 558 576 561 
Streptavidin 680 677 705 633 

Dylight 594 593 617 594 
CFTM633 629 657 633 

 Transmission electron microscopy 

2.6.1 Principles of transmission electron microscopy 

Transmission electron microscopy (TEM) is a high-resolution imaging technique 

used to investigate tissue ultrastructure. Glutaraldehyde fixed tissue samples are stained 

with heavy metals and polymerised in a resin block. Ultrathin tissue sections 

(approximately 90 nm), cut from the resin block are mounted into the electron microscope 

for imaging. An electron gun produces a beam of electrons, which transmit onto the 

specimen via the contribution of different lenses. Electrons that pass through and interact 

with the specimen generate an image, whereas electrons that are reflected off the sample 

do not generate an image (Figure 2.8). Heavy metals create contrast in the tissue sample 

features. 
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Figure 2.8 Principles of transmission electron microscopy. An electron gun produces a 

beam of electrons (e-) which are focused onto the specimen. Electrons that pass 

through the tissue specimen produce an image. 

2.6.2 Tissue processing for imaging by TEM 

The protocol and solutions used for TEM processing were taken from general 

protocols used at the biomedical imaging unit (Figure 2.9). All steps were carried out with 

reagents (Table 2.6) at room temperature and in a rotator unless stated otherwise. 

Endometrial tissue pieces of 2-3 mm3 were collected into the main electron 

microscopy fixative and stored at 4°C until tissue processing, as described in 1.2. At the 

time of tissue processing, the endometrial pieces underwent 2 x 10 min cacodylate buffer 

washes (0.1 M sodium cacodylate buffer at pH 7.4 plus sucrose and 2 mM CaCl2). Then the 

endometrial pieces were incubated with the post electron microscopy fixative (2% osmium 

tetroxide in 0.1 M sodium cacodylate buffer at pH 7.4) for 2 h. Following a brief rinse in 

distilled water for 30 sec, the endometrial pieces were incubated in 2% uranyl acetate in 

ddH20 for 30 min, followed by another distilled water rinse for 30 sec. 

A dehydration process was then undertaken. The endometrial pieces were 

incubated in 70% ethanol and 95% ethanol for 10 min, followed by absolute ethanol 2 x 20  
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Figure 2.9 Tissue processing for transmission electron microscopy. Tissue (orange) is fixed, stained with heavy metals and then dehydrated 

before embedding in a resin block.
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min and acetonitrile for 30 min. Finally, 50:50 acetonitrile: resin incubation 

overnight. The samples were incubated in fresh resin for 6 h the following morning, before 

being polymerised and encapsulated in fresh resin at 60°C for 16+ h. The resin blocks were 

taken forward for cutting and imaging by TEM. 

2.6.3 Resin tissue quality check and thin sectioning for TEM 

Tissue quality check 

Thick endometrial tissue sections (0.5 µm) were stained with 1% toluidine blue in 

ddH20 and examined for tissue quality on the standard light microscope (Figure 2.10). In 

order to prepare the slides for examination, glass knives were cut by the knife maker type 

7801-A (LKB-Produkter AB, Bromma, Sweden) and thick sections were cut on the Ultracut 

E microtome (Ultracut Reichert-Jung, UK), before being transferred onto a droplet of 

double filtered water on a microscope slide. The microscope slide was then dried on a hot 

plate for 20 min. The section was stained with 1% toluidine blue tissue stain, dried for a 

second time before mounted with a cover slip. The slides were investigated at both low 

magnifications 5 x for overall tissue structure and 40 x to check for cellular integrity.  
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Figure 2.10 Representative image of a 0.5 µm thick endometrial tissue section. Tissue 

stained with 1% toluidine in ddH20 blue tissue stain. 

Ultra-thin section preparation 

Thin endometrial tissue sections of 90 nm were cut on the Ultracut E microtome 

and placed onto copper grids, ensuring a silver section with no wrinkles. The copper grids 

were stained with lead citrate to enable contrast during imaging. Inside a petri dish, a lead 

citrate droplet was placed onto the wax strip alongside 1 M sodium hydroxide NaOH 

pellets. A TEM grid was placed face down onto the lead citrate for a 5 min incubation. Grids 

were washed in distilled water and then dried on filter paper. 
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Table 2.6 Reagents for TEM. 

• Toluidine blue (Agar Scientific, UK) 

• Acetonitrile (Fisher Scientific, UK) 

• Cacodylate buffer: made by the Biomedical Imaging Unit 

• Chloroform (Fisher Scientific, UK) 

• Ethanol (Fisher Scientific, UK) 

• Lead citrate (Agar Scientific, UK) 

• Lead nitrate (Agar Scientific, UK) 

• Main electron microscopy fixative, made by the Biomedical Imaging Unit 

• Sodium hydroxide pellets (Fisher Scientific, UK) 

• Post electron microscopy fixative, made by the Biomedical Imaging Unit 

• Spurr resin, made by the Biomedical Imaging Unit 

• Uranyl acetate (Agar Scientific, UK) 

2.6.4 TEM 

Ultra-thin sections cut at 90 nm were imaged on the TEM FEI Tecnai T12 or the TEM 

Hitachi HT7700. All images stored on the Biomedical Imaging Unit file store. 

 Serial block face scanning electron microscopy 

2.7.1 Principles of serial block face scanning electron microscopy 

 Serial block face scanning electron microscopy (SBFSEM) is a technique that 

generates a consecutive stack of electron microscopy images. A piece of endometrial tissue 

is processed with heavy metals and embedded in a resin block. The tissue region of interest 

is identified on the uppermost facing surface of the block, and the block is cut down to 1 

mm x 1 mm x 3 mm deep. The tissue block is then inserted into the microscope, with the 

region of interest facing upwards. A beam of electrons scans the sample, where backscatter 

electrons are picked up by a detector and an image generated. An inbuilt ultramicrotome 

then cuts sections of tissue from the face of the block at a programmed depth, for example 

50 nm. The process is then repeated to create a serial stack of images (Figure 2.11). 
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Figure 2.11 Principles of serial block face scanning electron microscopy. A beam of 

electrons (e-) scan the surface of the resin block, backscatter electrons picked up by a 

detector and an image is generated. 

2.7.2 Tissue processing for SBFSEM 

Endometrial tissue pieces were processed for SBFSEM (Palaiologou et al., 2017, 

Figure 2.12). All incubation steps were carried out at room temperature and in a rotator, 

unless stated otherwise. Reagents are listed in Table 2.7. 
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Figure 2.12 Endometrial tissue processing for serial block face scanning electron microscopy. Endometrial samples (orange) were glutaraldehyde fixed, stained 

with heavy metals and polymerised in a resin block.
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Endometrial tissue pieces of 2-3 mm3 were collected into the main electron 

microscopy fixative and stored at 4°C until tissue processing, as described in section 2.2.2. 

At the time of tissue processing the endometrial pieces were treated with 2 x 10 min 

cacodylate buffer rinses. The endometrial tissue pieces were then incubated with solutions 

in order: Osmium/ ferrocyanide fixative (1.5% potassium ferrocyanide plus 2% osmium 

tetroxide in 0.15 M cacodylate buffer plus 2 mM calcium chloride pH 7.4) for 1 h on ice, 

Thiocarbohydrazide solution for 20 min, 2% Osmium tetroxide for 30 min, 2% Uranyl 

acetate for 1 h and Walton’s lead aspartate solution at 60°C for 30 min. Between each 

incubation and after the Walton’s lead aspartate solution all endometrial pieces were 

treated with 5 x 3 min washes in distilled water. 

A dehydration process was then undertaken. The endometrial pieces were 

incubated in 30%, 50%, 70% and 95% ethanol for 10 min, followed by absolute ethanol x2 

for 20 min and acetonitrile for 20 min. Finally, 50:50 acetonitrile: resin incubation 

overnight. The samples were incubated in fresh resin for 6 h the following morning, before 

being polymerised in a final resin change at 60°C for 16+ h. 

2.7.3 Tissue quality check for SBFSEM 

3-view blocks were investigated for tissue quality. In short, thick endometrial tissue 

sections (0.5 µm) were checked with a 1% toluidine blue in ddH20 tissue staining on a light 

microscope and ultra-thin endometrial tissue sections were prepared on copper grids for 

the TEM, as described in section 2.6.3. From this investigation, the tissue regions of interest 

were identified. 

2.7.4 SBFSEM pin preparation 

A 1 mm3 tissue block was cut from the resin block to incorporate the tissue region 

of interest and mounted onto a 3-view pin with adhesive conductive epoxy to create a 

conductive surface. The block mounted to the 3-view pin was spluttered with a 

goal/palladium coating, preventing a negative charge build up and encouraging the 

backscatter electrons to dissipate away from the block face.  
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Table 2.7 Reagents for SBFSEM. 

• 0.22 µm millipore filter (Fisher Scientific, UK) 

• 3-view pin (EM Resolutions) 

• Adhesive conductive epoxy (Farnell, UK) 

• Aspartic acid (Agar Scientific, UK) 

• Ethanol (Fisher Scientific, UK) 

• Osmium tetroxide (Oxkem, UK) 

• Potassium hydroxide (Fisher Scientific, UK) 

• Spurr resin, made by Biomedical Imaging Unit 

• Thiocarbohydrazide (Fisher Scientific, UK) 

• Uranyl acetate (Agar Scientific, UK) 

2.7.5 SBFSEM microscopy 

Pins were imaged by Gatan 3View inside a FEI Quanta 250 FEGSEM microscope at 

3.0kV accelerating voltage and a vacuum of 40 Pa. A stack of consecutive images were 

generated at a constant voxel size of 0.01 x 0.01 0.05 µm. Raw data sets consisted of 

consecutive “.dm3” images. 

2.7.6 3D image analysis and reconstruction 

Raw data “.dm3” images were converted to .tiff files in Fiji Image J. Image analysis 

workflows were developed in Avizo (version 9.5.0), all work carried out on IRIDIS 5 High 

Performance Computing Facility. 

 Endometrial gland isolation 

2.8.1 Principles of endometrial gland isolation 

Endometrial gland isolation technique uses enzyme digestion to break apart 

endometrial tissue to release endometrial glands. Once endometrial tissue has been 

digested to separate endometrial glands, a 50 µm cell sieve is used to separate the 
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endometrial glands from other endometrial cell types. Endometrial glands were then taken 

forward for other applications including high speed video, RNA extraction and digestion 

into a glandular single cell suspension (Figure 2.13). 

2.8.2 Endometrial gland isolation protocol 

Fresh endometrial tissue pieces of 0.5 - 1.0 cm3 were collected into 50:50 DMEM 

and Ham’s F12 nutrient media, 5% streptomycin without serum as described in section 

2.2.2. The gland isolation protocol began within 30 min of tissue collection, reagents are 

listed in Table 2.8. Endometrial tissue was cut into pieces (1 – 2 mm3) for digestion in 0.7 

mg/ml type 1A collagenase in complete media without serum at 37°C for 15 min. The tissue 

was then agitated by shaking for 20 s. The 15 min incubation was then repeated, followed 

by a second agitation. The digested solution was then pipetted through 8 ml of 10% fetal 

bovine serum DMEM and Ham’s F12 nutrient media, 5% streptomycin to separate the red 

blood cells in the top 2 ml and the remaining tissue debris in the bottom 2 ml. The 

remaining solution was put through a 50 µm cell sieve. The endometrial glands should 

remain on the sieve, where they were backwashed off the sieve with sterile PBS. Both the 

solution that passed through the sieve, referred to as ‘remaining endometrial cells’ and the 

backwashed glands were centrifuged at 300 rpm for 5 min to pellet the cells. The pellets 

were re-suspended in 2 ml complete culture media with serum. 

  



Chapter 2 General methods 

64 

 

Table 2.8 Reagents for endometrial gland isolation. 

• 12 well plates (Corning, USA) 

• 50 µm cell sieve 

• Dulbecco’s modified Eagle’s medium (Lonza, Cambridge, UK) 

• Fetal bovine serum, Lonza, Cambridge, UK) 

• Ham’s F12 nutrient mixture (Lonza, Cambridge, UK) 

• QIAol Lysis Reagent (Qiagen, UK) 

• Sterile PBS (Lonza, Cambridge, UK) 

• Penicillin streptomycin (Lonza, Cambridge, UK) 

• Type 1A collagenase (Sigma, Dorset, UK) 

 

Figure 2.13 Isolation of endometrial glands from a fresh endometrial tissue biopsy. 1) 

A fresh endometrial biopsy was 2) enzymatically digested with gentle agitation and 4) 

passed through a 50 µm cell sieve. 5) Isolated endometrial glands where used for 

different applications including A) high-speed video, B) RNA extraction and C) digestion 

to glandular single cell population. 
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2.8.3 Experiments performed on isolated endometrial glands 

Preparing isolated endometrial glands for high-speed video 

1.5 ml of isolated endometrial gland suspension in 50:50 DMEM and Ham’s F12 

nutrient media, 5% streptomycin with serum were plated into a corning 12-well plate (22.1 

mm well diameter) and incubated at 37°C until imaging with high-speed video. High-speed 

video took place within 1 h of completed endometrial gland isolation. 

Preparing isolated endometrial glands for RNA extraction 

Isolated endometrial glands were re-suspended in 700 µl QIAol lysis reagent. 

Samples stood at room temperature for 5 min before being frozen on dry ice. Samples 

stored at -80°C until RNA extraction. 

Preparing isolated endometrial glands for flow cytometry 

Isolated endometrial glands underwent another digestion step to break the isolated 

glands up into a single cell suspension, followed by paraformaldehyde fixation. Isolated 

endometrial glands were re-suspended in 0.7 mg/ml type 1A collagenase in 50:50 DMEM 

and Ham’s F12 nutrient media, 5% streptomycin without serum, and incubated at 37°C for 

15 min. Samples were agitated by shaking for 20 sec. Following this, the cell suspension 

was centrifuged at 300 rpm for 5 min and re-suspended in 2 ml 4% PFA for fixation 

overnight at 4°C. The following morning, the cells were centrifuged at 300 rpm for 5 min 

and re-suspended into 2 ml sterile PBS, and stored at 4°C until flow cytometry.  

2.8.4 High-speed video of isolated endometrial glands 

Isolated endometrial glands in 50:50 DMEM and Ham’s F12 nutrient media, 5% 

streptomycin with serum were imaged by high-speed video microscopy, no longer than 3.5 

h after tissue collection. 100 µl of gland suspension was mounted into a cover well chamber 

gasket (diameter 20 mm, depth 0.5 mm), that was then attached to a glass slide. The 

chamber gasket allows endometrial glands to be suspended in complete media, by the 

separation of the coverslip and the glass slide. The glass slide was inserted onto the 
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microscope (Olympus 1 X 71) on an anti-vibration table, encased in a custom-built 

environmental chamber at 37°C. Cilia acclimatized for 30 min before imaging commenced.  

Steps followed those used to clinically assess cilia in the airway disorder (PCD, by the 

training and guidance of PCD microscopists (Southampton PCD team Professor Lucas). 

Approximately three isolated endometrial glands were present in the 100 µl aliquot per 

participant. The chamber gasket was systematically investigated from left to right and cilia 

beat frequency (CBF) determined, via Photron fastcam MC2 high speed video (Photron 

FASTCAM analysis), for all cilia visualised. CBF was calculated by counting how many frames 

it took for the cilia to make 10 complete forward and backward strokes, to get a parameter 

of beats per second (Hz).  

 Flow cytometry 

2.9.1 Principles of flow cytometry 

Flow cytometry is used to characterise cell populations by fluorescence detection. 

A fixed single cell suspension is prepared by labelling cell components with fluorophores. 

The single cell suspension is then run on the BD FACSCalibar (Becton Dickinson), which 

enables fluorescence-activated cell detection. This system uses a 488 nm laser to excite 

cells tagged with fluorophores, and detects three different emission wavelengths, 

spectrally split by in-built dichroic mirrors and filters. The three emission spectra include 

530/30 nm, known as the Fluorescein Isothiocyanate (FITC) channel, 585/42 nm, known as 

the Phycoerythrin (PE) channel, and 650 nm, known as the Peridinin Chlorophyll Proetin 

Complex (PerCP) channel. 

Single cells are run through a chamber called a flow cell, where the excitation light 

is focused. When a cell intercepts the laser light, scattered light is emitted which provides 

information on cell characteristics. A gating system of forward scatter and side scatter are 

used in tandem to identify cells by their size and granularity (complexity). During the use 

of multiple cell labels, the laser settings are prepared, so as to prevent spectral overlap 

between different channels. These gating parameters are acquired by the use of 
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compensation beads. Compensation beads are microspheres that capture species specific 

antibodies, and can be run on the BD FACSCalibar prior to the single cell suspension. 

2.9.2 Flow cytometry cell preparation 

The cell suspensions were adjusted to 1,000,000 cells per ml of PBS, and then 

prepared for flow cytometry. Cell concentration was calculated on the Beckman Coulter Z1 

Particle Counter (Beckman Coulter) by adding 20 µl of cell suspension to 10 ml of isoton II 

Dilutent (Beckman Coulter). The number of cells in 500 µl of isoton solution was counted 

twice and added together giving the number of cells in 1 ml of isoton solution. This result 

was then multiplied by 500 to account for the dilution, giving the number of cells per ml of 

cell suspension. 

200 µl single cell suspension and compensation beads (Becton Dickinson) at 

1,000,000 cells / ml were incubated with antibodies conjugated with FITC, PE and PerCP for 

15 min. 1 ml of washing solution (1% BSA 0.1% sodium azide in PBS) was added to the glass 

tube and centrifuged at 1000 rpm for 5 min. Cells were re-suspended in 500 µl PBS. Three 

channels of fluorescence detection: channel 1: FITC, channel 2: PE and channel 3: PerCP 

were acquired on the flow cytometer BD FACSCalibur (Becton Dickinson) and the software 

CellQuest. A blank sample was prepared and run for each experiment, without antibody 

labels. This allowed positive staining to be distinguished from background fluorescence. 

2.9.3 Flow cytometry analysis 

Events, defined as single particles detected by the BD FACSCalibar were analysed by 

FlowJo software (USA). FlowJo analysis consisted of setting gated thresholds, which refers 

to the process of selecting a subset of events to take forward for analysis. A threshold 

gating was set up using the blank sample to distinguish cells from background fluorescence. 

This gating was then applied to samples with fluorophores FITC, PE and PerCP. The output 

of these analyses, were the number of cells positive for the cell label. 
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 RNA extraction and quantification 

2.10.1 RNA extraction protocol 

Isolated endometrial glands were previously stored in 700 µl QIAol lysis reagent, 

which facilitates the lysis of endometrial glands and inhibit RNases, as described in section 

2.8.3. RNA extraction is the purification of total RNA from biological tissue. Dr Sybil Jongen 

purified RNA from isolated endometrial glands, all materials and reagents used were part 

of the Qiagen miRNeasy extraction kit as per manufacturer’s instructions (Figure 2.14). 

Other reagents are listed in Table 2.9. 

 

Figure 2.14 Flow diagram summarising extraction of RNA from biological tissue, 

adapted from Qiagen. 

Endometrial gland samples in QIAol lysis reagent were defrosted on ice and then 

left to incubate at room temperature for 5 min. The lysate was then vortexed for 5 sec. 140 

1 

2 
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µl of chloroform was added to the lysate, and shaken vigorously for 15 sec. The lysate was 

left for another 3 min at room temperature. The addition of chloroform separates the 

homogenates into aqueous and organic phases. Centrifugation was initiated at 12,000 x g 

for 15 min at 4°C. Other centrifugations were carried out at room temperature. 

350 µl of the upper aqueous phase of the centrifuged homogenate was transferred 

to a new collection tube, and 525 µl of 100% ethanol was added and mixed thoroughly. 700 

µl of the sample was pipetted onto a RNeasy Mini spin column, and centrifuged at 8000 x 

g for 15 sec. The remainder of the sample was pipetted onto the RNeasy spin column, and 

centrifuged. The flow-through was discarded here, and after each wash step. 350 µl of 

buffer RWT was pipetted onto the RNeasy spin column and centrifuged at 8000 x g for 15 

sec. The sample was incubated with 80 µl DNase (in RDD buffer), applied directly to the 

RNeasy spin column and incubated for 15 min. Following this step, a buffer RWT wash of 

350 µl was applied, and centrifuged at 8000 x g for 15 sec. 500 µl buffer RPE was added to 

the RNeasy spin column and centrifuged at 8000 x g for 15 sec. 500 µl buffer RPE was added 

to the RNeasy spin column and centrifuged at 8000 x g for 2 min. Before the RNA elution 

step, the RNeasy spin column was centrifuged 8000 x g for 1 min to dry the membrane.  

Finally to elute the RNA, the RNeasy spin column was transferred to a new 1.5 ml 

collection tube. 20 µl RNase-free water was added to the RNeasy spin column and 

centrifuged at 8000 x g for 15 sec. Eluted RNA was stored at -80°C.  

2.10.2 Determination of RNA yield and quality 

Dr Sybil Jongen used the nanodrop spectrophotometer and the bioanalyser to 

assess RNA yield and quality from isolated endometrial glands. Due to the limited isolated 

endometrial gland RNA available, gel electrophoresis was not carried out as an additional 

RNA assessment. 

Determination of RNA yield and quality using a Nanodrop 1000 Spectrophotometer 

A Thermos Scientific Nanodrop 1000 Spectrophotometer (Thermo Scientific, UK) 

was used to determine the concentration and quality of RNA samples in solution. First, the 
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spectrophotometer was blanked, thus ensuring background absorbance was not included 

in RNA concentration calculations. Blanking was carried out by loading 1 µl of ddH20 onto 

the pedestal and measuring the absorbance across the full range of wavelengths. For RNA 

concentration calculations thereafter, the blank measurements were removed by the 

software. 1 µl RNA samples were loaded onto the pedestal and an absorbance spectrum 

measured. Concentration was calculated by the software using the Beer-Lambert equation 

detailed below:  

A= E * b * c 

(A is absorbance represented in absorbance units, E is the wavelength dependent molar coefficient, 

b is the path length in cm and c is concentration in moles/litre) 

The molar absorptivity coefficient for RNA A260 of 1.0 = 40 µg/ml of pure RNA. The 

Nanodrop assesses the purity of RNA by the ratio of 260/280 nm absorbance and 260/230 

nm absorbance. For 260/280 nm absorbance, a value of approximately 1.8 indicates pure 

RNA, while values lower than this suggests protein contamination or the contamination of 

other substances absorbing around 280 nm. Moreover, for 260/230 nm absorbance, a 

value of between 1.8 and 2.2 indicate pure RNA, while a value lower again suggests 

contamination. 

Determination of RNA quality using a Bio-analyser  

RNA samples were run on the Agilent 2100 Bioanalyser (Lapchip Caliper G2939A). 

The bioanalyser uses a microfluidics chip to perform a RNA quality check. The RNA sample 

moves through microchannels and RNA components are electrophoretically separated, 

where smaller components migrate faster than larger components. Fluorescent dye 

molecules intercalate into RNA strands, where they are detected and translated into gel-

like images and electropherograms. The output of the 2100 bioanalyser is a measurement 

of RNA quality in the form of a RNA Integrity Number (RIN). The RIN assigns an 

electropherogram a value of 1 to 10, with 10 being the least degraded (Figure 2.15). 
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Figure 2.15 Representative non-degraded RNA sample. RIN = RNA integrity number. 

 

Table 2.9 Reagents for RNA extraction. 

• Agarose (Sigma, Dorset, UK) 

• Buffer RDD (Qiagen, UK) 

• Chloroform (Acros Organics) 

• Deionised formamide (Sigma Aldrich, UK) 

• DNase (Qiagen, UK) 

• GelRed™ (Biotium, USA) 

• Loading dye (Ambion, Thermo Fisher Scientific, UK). 

• miRNeasy extraction kit (Qiagen, UK) 

• RNA ladder (Promega, USA). 

 RNA sequencing 

Library preparation 

RNA sequencing was carried out by Dr Sybil Jongen, to compare the gene map of 

isolated endometrial glands from healthy women to those with recurrent pregnancy loss. 

In brief, library preparation was carried out (TruSeq, Illumina) to convert RNA to cDNA, add 

index adapters and flow cell adapters, to allow sample quantification and sequencing on 

the flow cell. The cDNA library was quantified by a Roche KAPA library quantification kit 

(Illumina). This kit uses qPCR to quantify Illumina sequence adapters only. A six point 

standard curve is used to convert crossing point (Cp) values of cDNA libraries to 

concentration. Once the concentration of the cDNA library was established, all samples 

were combined for the flow cell at 10 nM per sample. A final RNA quality check using a 
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bioanalyser (section 2.10.2) was performed, before RNA sequencing was run on an Illumina 

NextSeq 550 and data management was carried out using Iluminas platform Basespace. 

Processing raw data to count data 

The Illumina platform Basespace creates FASTq files. These FASTq files were then 

translated to count data per gene ensemble ID on Iridis 4, in which the data underwent 

quality checks by FastQC, and were aligned to the human genome via STAR 2.7.3a 

alignment using human genome 38. 

Differential expression analysis 

Gene count data were normalised, and differential expression analysis was carried 

out in RStudio R-3.6.2 package DESeq2 to compare participant groups. Genes were mapped 

to pathways using the publicly available software Toppgene (Division of Bioinformatics, 

Cincinnati Children’s Hospital Medical Centre). 

 Reverse transcription 

Reverse transcription is the generation of complementary DNA (cDNA) from RNA, a 

more stable transcript which can be amplified in quantitative polymerase chain reaction 

(qPCR) to measure gene expression. Reverse transcription was carried out on endometrial 

gland RNA samples to validate the findings of RNA sequencing. All reagents for reverse 

transcription were obtained from Promega (UK). 

A set of seven standards (S1 – S7) were run at known RNA concentrations, alongside 

the RNA samples. The standards will be used during qPCR to convert the Cp value, the point 

at which a samples amplification curve has reached its maximum fluorescence signal 

detection, to cDNA concentration. The standards were pooled from whole endometrium 

RNA due to the limited gland RNA available, where the highest standard, S1, was prepared 

at a concentration of 0.2 µg/µL (1000 ng/5 µl). S2 - S7 were prepared by a double dilution. 

Gland RNA samples were prepared to a final concentration of 0.25 µg in 13 µl final 

volume using ddH2O. In addition to RNA samples, six coefficients of variation (CV) controls 

(C1 – C6) were prepared to a final concentration of 0.05 µg/µl and no enzyme controls 
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(NECs) were prepared with ddH2O in the place of the reverse transcriptase enzyme. CV 

controls test for experimental variation, while NEC tests for the presence of DNA 

contamination in the RNA preparation. 13 µl (0.25 µg) RNA and 0.25 µg of C1 – C6 were 

added to each reaction tube. 2 µl of master mix one including random primers (C1181, 

Promega UK, 250 ng per reaction) was added to each reaction, preparing a final volume of 

15 µl. Samples were vortexed and centrifuged for 10 sec to force the sample to the bottom 

of the tube, and incubated in the PCR cycler (Verti 96 well thermal cycler, Applied 

Biosystems) at 70oC for 5 min to allow primers to anneal and melt secondary structures 

which may be present in the RNA. Samples were vortexed and centrifuged once complete. 

A second master mix was prepared in ddH2O to include 5X Reverse Transcriptase 

Buffer, 0.5 mmol/L Deoxynucleotide Triphosphates (dNTPs, U1511, Promega, UK), 12.5 

units Recombinant RNasin® Ribonuclease Inhibitor (N2511, Promega, UK), 100 units 

Moloney Murine Leukaemia Virus Reverse Transciptase (MmLV RT, M1701, Promega, UK) 

per sample. 10 µl of the second master mix was added to each reaction, giving a final 

volume of 25 µl. Samples were vortexed and centrifuged again for 10 sec to force the 

sample to the bottom of the tube. Samples were run on the PCR cycler, to perform reverse 

transcription by heating at 37oC for 60 min to allow reverse transcriptase to elongate the 

annealed primers and 95oC for 10 min to inactive the reverse transcriptase enzyme. 

Samples were then kept at 4oC continuously until samples were collected. cDNA samples 

were centrifuged and stored at -20oC. 

 Quantitative polymerase chain reaction (qPCR) 

qPCR was carried out on endometrial gland cDNA, to compare the levels of 

messenger RNA (mRNA) between participant groups. Primer assays were designed for 

genes of interest in coordination with the Roche Universal Probe Library (West Sussex UK), 

and produced by Eurogentec (UK). Primers were designed using the Roche Universal Probe 

Library Assay Design Centre (http://lifescience.roche.com/en_gb/brands/universal-probe-

library.html#assay-design-center). Designed assays were run on the Roche Lightcycler 480 

with 2X MasterMix (Roche Lightcycler 480 Probes 2X concentration MasterMix).  
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Housekeeping genes, understood to remain stable in the endometrium, were run via 

Primer Design custom designed double-dye assays (Primer Design, UK). These assays were 

run on the Roche Lightcycler 480 with PrecisionPLUS qPCR Master Mix (Primer Design, UK). 

For all assays, gland cDNA samples were run alongside seven standards, 6 CV controls, 

NECs and a no template control (NTC). No template controls tested for reagent 

contamination. Samples were run in triplicate to account for pipetting error. 

2.13.1 qPCR Roche assay genes of interest 

The cDNA samples for standards were diluted 1:10, while controls and samples were 

diluted 1:20. The master mix was prepared with Roche qPCR Master Mix (half final reaction 

volume), forward primers (200 nM), reverse primers (200 nM), probe (100 nM) and ddH2O. 

7 µl of master mix was added to each well according to the plate layout. Then 3 µl of each 

cDNA sample was added into its appropriate well, including standards S1 – S7, CV controls 

C1 – C6, and NECs. 3 µl ddH2O was also added for NTC wells, final volume for all wells was 

10 µl. Plate was sealed, vortexed and spun and then run on the Roche light cycler 480 

machine, for Roche mono probe FAM dye. The run settings were as follows 95°C 10 min to 

activate the ‘hot start’ polymerase, followed by 40X cycles of 95°C 15 sec to denature cDNA 

and 60°C 60 sec for annealing and elongation. 

2.13.2 qPCR double dye assay housekeeper genes 

The cDNA samples for standards were diluted 1:10, while controls and samples were 

diluted 1:20. The master mix was prepared with 2x PrecisionPLUS® qPCR Master Mix, 

double dye primer and probe mix and ddH2O (0.5 µl of primer probe mix and 5 µl 2x 

PrecisionPLUS® qPCR Master Mix per 10 µl reaction volume). 7 µl of master mix was added 

to each well according to the plate layout. Then 3 µl of each cDNA sample was added into 

its appropriate well, including standards S1 – S7, CV controls C1 – C6, and NECs. 3 µl ddH2O 

was also added into the NTC wells, final volume for all wells was 10 µl. All samples prepared 

in triplicate. Plate was sealed, vortexed and spun and then run on the Roche light cycler 

480 machine. The run settings were as follows 95°C 2 min to activate the ‘hot start’ 
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polymerase, followed by 40X cycles of 95°C 15 sec to denature cDNA and 60°C 60 sec for 

annealing and elongation.  

2.13.3 qPCR data analysis 

During the PCR reaction fluorescently labelled probes bind downstream of the 

primers, producing a fluorescent signal when amplified. At the 3’ end of the probe, a 

quencher hinders the fluorescent signal. When the assays were run, an amplification curve 

was created per cDNA sample. Cp values were determined by the Roche Lightcycler 

software second derivative method, recording the number of cycles at which a samples 

fluorescence signal has reached its maximum acceleration on the amplification curve.  

Cp values were then plotted against log cDNA of the seven point standard curve of 

known cDNA concentrations. cDNA concentration for all samples were calculated using the 

equation x = 10^((y-c)/m), where y refers to the sample Cp value, m to the gradient of the 

line and c to the y intercept. CV controls were assed to check for experimental variation by 

the equation ‘CV = (Standard deviation / mean) x 100’. cDNA concentration of all samples 

were then normalised to housekeeping genes, by the division of the geometric mean. 

 Protein analysis by Western blotting 

The protein fraction of paired whole endometrium and isolated endometrial glands 

were extracted and analysed by Western blotting. Western blotting is a technique used to 

separate and detect specific proteins in a given sample by antibody application, composed 

of three main steps. The first step is protein separation by sodium dodecyl sulphate -

polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions, where by 

proteins are denatured by incubation with β-mercaptaethanol. Negatively charged 

proteins move towards the positive anode, separated by their mobility through the 

polyacrylamide gel, which is determined by molecular weight. Secondly the separated 

protein is blotted and dried onto a membrane, and finally proteins of interest are labelled 

by antibody binding and detected by chemiluminescence. 
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2.14.1 Protein extraction and quantification 

The protein fraction was extracted from paired whole endometrial tissue pieces and 

isolated endometrial glands. Previously, whole endometrial tissue pieces were collected 

from a fresh endometrial biopsy and stored in RNA later®, described in section 2.2.2. 

Meanwhile, endometrial glands were previously isolated from a fresh tissue biopsy and 

stored in QIAol lysis buffer for RNA extraction, described in section 2.8. Reagents for 

protein extraction and quantification are listed in Table 2.10. 

Protein extraction from whole endometrium samples in RNA later® 

All steps were conducted at 4°C, to help prevent the action of proteases released 

during cell lysis. Whole endometrium tissue samples in RNA later® where defrosted on ice 

and placed into 300 µl 1x Radioimmunoprecipitation assay buffer (RIPA) buffer (0.15 M 

sodium chloride, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 0.005 M Tris base pH 8.0) 

with proteinase inhibitors (1:100). Samples were incubated on ice for 2 h with gentle 

agitation. Cells were then centrifuged at 12000 rpm for 20 min 4°C to remove insoluble 

material, and the lysate was stored at -20°C.  

Protein extraction from isolated endometrial glands in QIAol lysis buffer 

Isolated gland samples in QIAol lysis buffer were defrosted on ice and incubated at 

room temperature for 5 min to lyse the cells. Samples were then vortexed to encourage 

cell lysis. To separate the lysate into aqueous phases, 140 µl of chloroform was added, 

samples shaken vigorously for 15 sec, incubated at room temperature for 3 min and then 

centrifuged for 15 min at 12000 g at 4°C. The upper aqueous phase containing RNA was 

removed and frozen.  

To precipitate the protein, 210 µl of 100% ethanol was added, mixed by inverting 

several times and incubated at room temperature for 3 min. Sample were centrifuged at 

2000 g for 5 min 4°C to pellet the DNA. The phenol-ethanol supernatant was transferred to 

a new tube, 1050 µl of isopropanol were added and incubated at room temperature for 10 

min. To pellet the proteins samples were centrifuged for 10 min at 12000 g 4°C, and the 

supernatant discarded. 
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The proteins were then washed in 50 µl protein wash solution (0.3 M guanidine HCL 

in 95% ethanol) and stored at -20 °C overnight. Samples were defrosted and centrifuged 

for 5 min at 7500 g 4°C to pellet the proteins and supernatant discarded. The protein pellet 

was air dried and then re-suspended in 50 µl 1x SDS to dissolve the protein pellet. Finally 

samples were centrifuged for 10 min 10000 g 4°C to remove insoluble material and the 

supernatant stored at -20°C. 

Protein quantification 

Protein quantification was carried out via the DC Protein Assay (Bio Rad). Lysate 

samples were run alongside a seven point BSA standard curve (S1 – S7) and blank samples 

(1x RIPA for whole endometrium lysate and 1x SDS for isolated endometrial gland lysate) 

to account for the detergent absorbance. The highest BSA standard (S1) was at a 

concentration of 1.5 mg/ml, with all samples run in triplicate. 

Protein detection was determined by a characteristic blue colour change, with an 

absorbance of 405 – 750 nm. This blue colour is the product of proteins in the lysate 

reacting with copper in the alkaline copper tartate solution, which subsequently reduces 

the Folin reagent by the loss of oxygen atoms. The relative absorbance was recorded by a 

750 Absorbance plate reader. These absorbance values were corrected by the blank 

sample, to account for detergent absorbance. The seven point BSA standard curve (S1 – S7) 

absorbance were plotted against the known BSA concentrations to construct a calibration 

curve, and the equation of the line was determined. Sample protein concentrations 

(mg/ml) were then calculated by the equation: 

‘Lysate concentration = average corrected absorbance/ slope of the line’ 

2.14.2 Sodium dodecyl sulphate – polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was carried out on all samples. 10% separating gels in ddH20 (0.375 M Tris-

HCL, pH 8.8, 0.1% SDS, 10% Acrylamide/Bis, 0.05% APS, 0.05% TEMED) and 4% stacking gels 

in ddH20 (0.125 M Tris-HCL, pH 6.8, 0.1% SDS, 4% Acrylamide/Bis, 0.05% APS, 0.05% 

TEMED) were casted via Bio Rad casting apparatus, by the combination of monomers listed 
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in Table 2.10. The stacking gel concentrates the protein into a unified line before it enters 

the separating gel of a smaller pore size. Gels were left to polymerise for 45 min by the 

action of tetramethylethylenediamine and ammonium persulphate polymerisation agents. 

Gels were then attached to electrophoretic chamber (Bio Rad), and the chamber was filled 

with 1x running buffer (0.025 M tris-base, 0.192 M glycine, 0.1% SDS).  

Protein samples and molecular weight ladder (Precision Plus Protein Duel Colour 

Standard) were diluted in 1x sample reducing buffer (0.063 M tris-HCL, pH 6.8, 2% SDS, 10 

% glycerol, 0.25 % bromophenol blue, 5% 10β-mercaptoethanol). Only the samples were 

heated for 4 – 10 min at 95°C. Samples were allowed to cool to room temperature and 

centrifuged briefly to collect the sample at the bottom of the tube. 15 – 30 µg of protein 

were loaded onto the gel per sample. Empty wells were loaded with 1x sample reducing 

buffer. SDS-PAGE was run at 200 V for just under 1 h, until the dye front had run off the 

gel. 

2.14.3 Protein blotting 

Protein blotting was carried out onto methanol activated PVDF membranes by semi-

dry transfer (Bio Rad). An electric current is passed through a ‘transfer sandwich’ causing 

negatively charged proteins to pass from the gel onto an activated membrane.  

PVDF membranes were activated by emersion in 100% methanol for 30 - 60 sec, 

ddH20 for 2 min and 1x transfer buffer (48 mM tris-base, 39 mM glycine, 0.037% SDS, 20% 

methanol) for 5 min. The gel was taken out of the SDS-PAGE chamber and immersed in 1x 

transfer buffer. A ‘transfer sandwich’ was assembled on the anode. This included six pieces 

of filter paper briefly immersed in 1x transfer buffer, methanol activated membrane, gel, 

and six additional pieces of filter paper briefly immersed in 1x transfer buffer. The cathode 

was placed on top of the ‘transfer sandwich’, and run for 1.5 h at 25 V limit and constant 

75 mA. Once complete, the membrane was taken away and allowed to dry at room 

temperature for 15 – 20 min to fix the proteins onto the membrane. 
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2.14.4 Antibody staining 

Membranes were blocked in 2% BSA to prevent non-specific binding, and then 

Western blotting primary antibody incubation was carried out overnight at 4°C with gentle 

agitation. All following Western blotting steps were carried out at room temperature with 

gentle agitation. Three 1x tris buffered saline plus tween20 (TBST, 0.001% tween20, 0.0027 

M potassium chloride and 0.137 M sodium chloride, 0.05 M tris base pH 7.4) washes in-

between steps. Membranes were incubated with HRP – bound anti-mouse secondary (cell 

signalling #7076) for 1 h, a Precision Protein™ Strep-Tactin-HRP conjugate (Bio Rad #161-

0380) for 1 h and a HRP- conjugated β-actin loading control (Sigma, 1:10000, 45 kDa) for 1 

h. 

2.14.5 Chemiluminescence acquisition 

Chemiluminescence detection was carried out using the Amersham ECL Western 

Blotting Detection Kit (Cytiva, #RNP2108) on the Ingenius Gel Doc visualisation system. 

Exposure times were recorded. 

Table 2.10 Reagents for protein extraction and Western blotting 

• Acrylimide-Bis (Sigma, UK) 

• Ammonium persulphate (#A3426 Sigma, UK) 

• Bovine serum albumin (Sigma, UK) 

• Chloroform (Acros Organics) 

• DC Protein Assay (Bio Rad) 

• Ethanol (Fisher Scientific, UK) 

• Isopropanol (Fisher Scientific, UK) 

• Methanol (Fisher Scientific, UK) 

• Precision Plus Protein Duel Colour Standard (Bio-Rad) 

• Proteinase inhibitors (Sigma, UK) 

• PVDF immobilon transfer membrane (# IPVH00010, Merck, UK) 

• Sodium dodecyl sulphate (SDS, Bio Rad) 

• Tetramethylethylenediamine (#161-0800 Bio Rad) 

• Tris (Merck, UK) 
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 Data storage for all study data 

Participant data is stored securely, where file names are kept by study ID. All imaging 

files are saved on the Biomedical Imaging Unit file store, which is backed up daily. Work 

files carried out on IRIDIS 5 High Performance Computing Facility are also backed up daily 

.



 

 

 

 

 

 

Chapter 3 Investigating the 3D spatial relationships 
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 Introduction 

Recurrent pregnancy loss occurs in 2% of women, placing an unseen burden on 

families (Ford & Schust, 2009). The underlying cause of recurrent pregnancy loss is thought 

to be multifactorial. Chromosomal abnormalities are a known contributor of recurrent 

pregnancy loss, however most cases are deemed as unexplained. Consistent biomarkers 

and therapeutic treatments for women with recurrent pregnancy loss are not established 

(Odendaal et al., 2019). During the luteal phase of the menstrual cycle, endometrial stromal 

cells undergo a multi-step process to become decidualised (Gellersen & Brosens, 2014). 

The endometrial stroma consists of different cell populations including lymphocytes, and 

dendritic cells. Stromal cells play important roles in the endometrium, such as stromal-

epithelial communication (Hantak et al., 2014; Li et al., 2011). uNK cell abundance in the 

endometrium of women with recurrent pregnancy loss during the window of implantation 

has been investigated by 2D immunohistochemistry, however, there are discrepancies 

between results (Seshadri & Sunkara, 2014). In this chapter, I apply quantitative 3D imaging 

to endometrial tissue, to study the spatial relationship between endometrial stromal cells 

and endometrial glands from women with recurrent pregnancy loss. 

During the mid-luteal phase of the menstrual cycle and just before menstrual 

shedding, senescent decidualised cells, defined as cells in a permanent state of cell cycle 

arrest, become more abundant and secrete inflammatory mediators (Brighton et al., 2017). 

Successful embryo implantation and pregnancy requires a balance between the induction 

and clearance of senescent cells (Lucas et al., 2020). Decreased embryo implantation rate 

in the mouse has been associated with the knockdown of inflammatory regulators, 

suggesting inflammatory mediators are key in the implantation process (Salker et al., 2012). 

Recurrent pregnancy loss has been associated with increased cellular senescence and a lack 

of mesenchymal stem cell differentiation in the endometrium, characterised by low gene 

expression of SCARA5, high expression of DIO2 and low abundance of uNK cells (Lucas et 

al., 2016, 2020). 

uNK cells play an important role in the balance of senescent cells in the endometrium, 

in clearing senescent decidualised cells by granule exocytosis (Brighton et al., 2017). Three 
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uNK cell subtypes have been reported in the endometrium of healthy women (Lucas et al., 

2020). Recurrent pregnancy loss has also been associated with altered uNK cell activation, 

which could be due to different uNK subtypes characterised by different maternal uNK KIR 

cell receptor regions (Faridi et al., 2011; Vento-Tormo et al., 2018). uNK cell abundance has 

been investigated in the endometrium from women with recurrent pregnancy loss by 

immunohistochemistry. The results between studies however, have been inconsistent 

showing both an increase and a decrease in the number of uNK cells in the endometrium 

from women with recurrent pregnancy loss (Seshadri & Sunkara, 2014) (Table 3.1). These 

findings suggest uNK cells are functioning differently in the endometrium from women with 

recurrent pregnancy loss, yet their spatial arrangement and spatial relationship to 

endometrial glands remains undetermined. 

uNK cell count has been considered as an additional parameter for endometrial 

dating (Liu et al., 2014). To incorporate uNK cell measurements into clinical practise they 

must be standardised to reduce variation between clinical centres (Chiokadze & 

Kristesashvili 2019). A standardised protocol was formulated to quantify uNK cells from 

tissue sections, where uNK cells were reported as the percentage of endometrial stromal 

cells (Lash et al., 2016). 2D methods have also been established to determine the spatial 

arrangement of uNK cells and macrophages however, these methods do not take into 

account the endometrial tissue volume (Helige et al., 2014; Russell et al., 2011).  

In this chapter, I apply confocal laser scanning microscopy and 3D image analysis to 

stromal cells in whole pieces of undisrupted endometrium, to provide an insight into the 

spatial relationship of stromal cells to endometrial glands from women with recurrent 

pregnancy loss. These 3D methods provide a more representative analysis of uNK cells in a 

piece of endometrial tissue compared to 2D tissue sectioning, and have the potential to 

contribute towards clinical uNK cell biopsy standardisation. 
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 Aims 

To develop a wholemount confocal imaging approach to study: 

1) The 3D spatial arrangement of endometrial stromal cells during the window of 

implantation in women with recurrent pregnancy loss versus controls. 

2) The 3D spatial relationship between endometrial stromal cells and endometrial 

glands during the window of implantation in women with recurrent pregnancy 

loss versus controls. 
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 Table 3.1 Comparison of studies investigating uNK cells in the endometrium between 

controls and women with recurrent pregnancy loss during the implantation stage of 

the menstrual cycle. 

 LH= luteinising hormone, uNK = uterine natural killer, IVF = in-vitro fertilisation, Y = 
included, ↑ = increase, ↓ = decrease, N = no change, X = not included in the study 
  

Reference 
Recurrent 

pregnancy loss 
population 

Control population Endometrial 
biopsy stage 

uNK quantification 
method 

Pregnancy 
outcome 

CD56 

CD16 

Clifford et 
al., 1999 

Early pregnancy 
loss 

Laparoscopic 
sterilization 

LH + 7 to 9 
days Cell count X ↑ X 

Quenby et 
al., 1999 

Idiopathic 
recurrent 

pregnancy loss 
Obstetric histories Day 19 to 22 

of cycle Cell count Y ↑ ↑ 

Michimata 
et al., 2002 

Two successive 
spontaneous 

abortions 

Male factor 
infertility 

Pre-
implantation 

period 
Cell count Y N N 

Tuckerman 
et al., 2007 

Unexplained 
recurrent 

pregnancy loss 

Control 
information not 

disclosed 

LH + 7 to 9 
days Cell count Y ↑ X 

Giuliani et 
al., 2014 

Unexplained 
recurrent 

pregnancy loss 

Controls – no 
history of infertility 
or endometriosis 

LH + 7 to 9 
days Cell % X N ↑ 

Chen et al., 
2017 

Unexplained 
recurrent 

pregnancy loss 

Ovulatory fertile 
controls LH + 7 days % positive uNK cell 

per total stroma X ↑+↓ X 

Kuon et al., 
2017 

Idiopathic 
recurrent 

pregnancy loss 

Egg donors fertility 
patients 

LH + 7 to 9 
days Cell concentration X ↑ X 

Lucas et al., 
2020 

Recurrent 
pregnancy loss 3 

or more 
miscarriages 

Women awaiting 
IVF 

LH + 7 to 10 
days 

Cells per 100 
stromal cells in 

luminal epithelial 
proximity 

X ↓ X 

Lyzikova et 
al., 2020 

Recurrent 
miscarriage 

Without recurrent 
miscarriage 

LH + 7 to 9 
days Cells per mm2 X ↑ X 
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 Methods 

To investigate the association between the 3D spatial relationships of endometrial 

stromal cells to endometrial glands and recurrent pregnancy loss, endometrial pieces were 

processed by wholemount immunohistochemistry, imaged by confocal laser scanning 

microscopy and the 3D spatial parameters quantified. 

3.3.1 Endometrial biopsy collection 

Endometrial pipelle biopsies were collected from two participant populations 

across a seven-day window of the menstrual cycle (LH + 4 - 10), as described in General 

methods section 2.2 (Stocker et al., 2017). This collection window, inclusive of the window 

of implantation (LH + 7 - 10), was chosen for practical and logistical purposes, to facilitate 

the collection of samples over a wide enough time frame for the participants enrolled in 

the study. Two participant populations included egg donor controls (n =10) and those with 

recurrent pregnancy loss (n = 11). Control participants were healthy fertile women who 

elected to donate eggs at the local fertility centre in Southampton having met the criteria 

for egg donation. Recurrent pregnancy loss participants had a history of three or more 

miscarriages and were recruited at the local gynaecology referral centre in Southampton. 

Briefly, endometrial pipelle biopsies were collected from participants during their 

routine procedures and immediately fixed into 4% paraformaldehyde. Following 2 h 

fixation, endometrial samples were stored in 1% sodium azide PBS at 4°C until tissue 

processing for wholemount immunohistochemistry. 

3.3.2 Wholemount immunohistochemistry  

Wholemount immunohistochemistry protocol optimisation 

Wholemount immunohistochemistry experimental parameters were optimised for 

endometrial stromal cell markers (Table 3.2), including uNK cell marker mouse anti-human 

CD56 [123c3] (Bio Rad #MCA2693GA), uNK progenitor cells marker mouse anti-human 

CD34 [QBEND/10] (Bio Rad #MCA547GT), macrophage marker mouse anti-human CD163+ 
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[EDHu-1] FITC conjugate (Bio Rad #MCA1853T) and stromal cell markers rabbit anti-human 

anti-vimentin [EPR3776] (Abcam #Ab92547) and rabbit anti-human anti-vimentin [SP20] 

(Abcam #Ab16700). A strong antibody signal in whole pieces of endometrial tissue allowed 

for endometrial stromal cell markers to be used in post-imaging 3D analysis. 

All optimisation experiments were carried out using a wholemount approach, apart 

from establishing the working dilutions of uNK antibodies CD56 [123c3] and CD34 

[QBEND/10] which were performed on 10 µm cryo-sections as described in General 

methods section 2.3. With respect to antigen retrieval pre-treatments, for antibodies CD56 

[123c3] and CD34 [QBEND/10] the manufacturer recommended heat treatment with 

citrate buffer and pronase enzyme treatment. Three heating temperatures were compared 

(i) room temperature (overnight), (ii) 95°C (25 min) and (iii) 50°C (25 min). Treatment (iv) 

was the pronase treatment. Tissue permeabilisation 0.5% and 1.0% TitronTM X-100 were 

also compared. 
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Table 3.2 Summary table of endometrial stromal cell markers optimised for 

wholemount immunohistochemistry. 

Primary 
Antibody 

Primary 
working 
dilution 

Secondary 
antibody 

Secondary 
dilution 

Endometrial 
tissue target 

Tissue 
permeabilisation 

Antigen 
retrieval 

CD56 [123c3]     
(Bio Rad 

#MCA2693GA) 
1:50 

Donkey anti-
mouse IgG 

550 (Thermo 
fisher) 

1:200 uNK cells 0.5 % TitronTM X-
100 1.5 h 

Positive 
result for 
pronase 

treatment 
CD34 

[QBEND/10] 
(Bio Rad 

#MCA547GT) 

1:50 

Donkey anti-
mouse IgG 
(Thermo 
fisher) 

1:200 
uNK 

progenitor 
cells 

N/A Negative 
result 

CD163+ 
[EDHu-1] FITC 
conjugate (Bio 

Rad 
#MCA1853T) 

1:300 N/A N/A Macrophages 0.5 % TitronTM X-
100 1.5 h N/A 

Anti-vimentin 
[EPR3776] 

(Abcam 
#Ab92547) 

1:200 

Donkey anti-
rabbit 594 IgG 

(Thermo 
scientific 

1:200 Stromal cells N/A N/A 

Anti-vimentin 
[SP20] (Abcam 

#Ab16700) 
1:500 

Goat anti-
rabbit 

CFTM633 
conjugate 

(Sigma-
Aldrich) 

1:200 Stromal cells 0.5 % TitronTM X-
100 1.5 h N/A 

N/A = not necessary, uNK cells = uterine natural killer cells 
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Wholemount immunohistochemistry protocol 

The person processing was blinded to the endometrial sample groups prior to tissue 

processing to avoid sample bias. Subsequent endometrial sample un-blinding was carried 

out once 3D analysis had been completed. 

At the time of tissue processing a wholemount immunohistochemistry protocol was 

carried out on endometrial samples from egg donor controls (n = 10) and women with 

recurrent pregnancy loss (n = 11), as described in General methods section 2.4. In short, 

endometrial samples were permeabilised in 0.5% Titron X-100 in PBS for 1.5 h, washed in 

1 x PBS and then blocked with 2% BSA for 1 h.  

Primary antibody incubations were carried out in 75 µl droplets overnight at 4°C, in 

two sessions to keep the two antibodies raised in a mouse separate. Master-mix solutions 

were made up for all primary and secondary antibody incubations. The first primary 

antibody incubation included the uNK cell marker mouse anti-human CD56 [123c3] (1: 50) 

and the stromal cell marker rabbit anti-human vimentin [SP20] (1:500), followed by 3 x PBS 

washes. The second primary antibody incubation included only the macrophage marker 

mouse anti-human CD163+ FITC conjugate (1:300). Following 3 x PBS washes, the 

secondary antibody incubation was carried out at room temperature for 2 h in 50 µl per 

endometrial sample. Secondary antibodies were donkey anti-mouse IgG 550 (1:200; 

Thermo fisher #SA5-10167), goat anti-rabbit CFTM633 conjugate (1:200; Sigma-Aldrich 

#SAB4600140) and DAPI nuclear stain (1:250; Sigma-Aldrich #D9542). The macrophage 

primary antibody was FITC conjugated. Finally, samples were cleared using TDE and stored 

at 4°C until imaging. 

3.3.3 Confocal imaging of endometrial gland portions 

Endometrial tissue volumes were imaged sequentially by the SP8 confocal laser-

scanning microscope as described in General methods section 2.5. Three replicate standard 

tissue volumes were imaged per participant (245.52 µm x 245.52 µm x 83.12 µm). Within 

the endometrial tissue volume, imaging sites were selected based on the presence of 

endometrial glands so that stromal-gland spatial relationships could be analysed.  
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The first gland portion was selected by exciting only the DAPI channel. Endometrial 

gland portions were identified by their tube-like and columnar cell structure. An 

endometrial tissue volume was then sequentially imaged in the z axis to encompass the 

gland portion identified (0.24 µm x 0.24 µm x 1.81 µm voxel resolution, x 63 objective, 

Figure 3.1). Subsequent gland portions two and three were chosen using a random method 

involving tossing a coin, where a head or a tail dictated if the field of view was moved in 

the X or Y direction to the next endometrial gland respectively. If the coin flip dictated I 

went back to a previously imaged gland this was ignored to prevent resampling. A stack of 

greyscale images were collected per tissue volume for each endometrial stromal cell 

marker, including DAPI nuclei stain, uNK cells, macrophages and stromal cells. 

 

Figure 3.1 Diagrammatic illustration of how endometrial gland portions were imaged 

on the confocal laser scanning microscope. An endometrial gland was identified by 

their tube-like columnar cell structure.  

3.3.4 3D spatial quantitative analysis 

To investigate the association between the 3D spatial relationship of endometrial 

stromal cells to glands and recurrent pregnancy loss, 3D parameters were applied to image 
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stacks using the software Avizo (version 9.5.0) and Fiji Image J. All tissue volumes were 

imaged using the same conditions, however if the laser was not able to penetrate the tissue 

effectively and tissue staining became unclear, the deeper tissue volumes were cropped. 

To ensure image data were processed in the same way, Fiji macros were written to batch 

process binary stacks of images for 3D spatial parameters. These included the cell density 

per tissue volume, the distances between cells in a tissue volume, cell clustering and 

formatting binary image stacks for 3D distance mapping. Final 3D distance map analysis 

was carried out in Avizo (version 9.5.0). All image processing was carried out on the IRIDIS 

5 High Performance Computing Facility. 

3D analysis workflows required imaging datasets to be in a binary image format, 

where the voxels representing a stromal cell nuclei had a value of 1 while the remaining 

voxels had a value of 0. It was not possible to automatically threshold the greyscale data 

for the stromal cell markers due to tissue autofluorescence, therefore greyscale image data 

were converted into binary images by manually labelling cell nuclei positive for the stromal 

cell marker in Avizo (version 9.5, Figure 3.2). Nuclei staining was thresholded and converted 

into a binary image, and overlaid with the greyscale image of separate stromal marker 

staining. Stromal cell nuclei associated with positive staining for the stromal cell marker 

were labelled for all z slices that the cell nuclei was observed. 

The staining produced for the stromal cell macrophage marker CD163 was unclear 

therefore, only uNK and stromal cell markers were taken forward for 3D spatial analysis. 
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Figure 3.2 Representative images of manual cell nuclei labelling. A) Positive cell 

staining (white) for stromal cell marker, B) positive cell staining (white) was overlaid 

with DAPI nuclei staining (pink). Where a cell nuclei was associated with positive cell 

staining the nuclei was labelled (yellow) through all z slices the nuclei was observed. 

Cell density and average distance between stromal cells 

Cell density, calculated as the number of cells per tissue volume mm3, and the 

distances between cells were calculated for uNK cells and stromal cells, using Fiji Image J 

3D region of interest manager. The Fiji 3D region of interest manager takes nuclei stamps 

across multiple z-slices as one nuclei, allowing 3D nuclei to be identified and analysed. All 

endometrial samples were batch processed via the macro detailed in Appendix A ‘Macro 

batch processing cell count and cell-cell distances’. 

Clustering of stromal cells 

Cell clustering was analysed for uNK cells and stromal cells using the Fiji Image J 

plugin ‘Spatial distribution index’ (SDI) (Andrey et al., 2010). Cell clustering data were 

generated via the SDI ‘G function’, by comparing the observed endometrial population to 



Chapter 3 Endometrial spatial relationships 

93 

 

a randomly generated population. All endometrial samples were batch processed in Fiji 

Image J via the macro ‘macro batch processing cell clustering’ detailed in Appendix A. 

A manually created test population demonstrates the Spatial Distribution Index 

(Figure 3.3). During SDI analysis, each nuclei population distribution, called the observed 

distribution, generates their own randomly distributed population for comparison. The test 

population is an example of a clustered observed population (Figure 3.3A) accompanied by 

a cumulative frequency curve (red line) that sits to the left of a randomly generated 

population curve (black line, Figure 3.3B). For the randomly generated population (Figure 

3.3C), generated from the observed population, the randomly distributed population curve 

(black line) and the observed populations curve (red line) are similar (Figure 3.3D). In 

comparison, a regularly spaced population would sit to the right-hand side of the randomly 

distributed population curve. A SDI value between 0 and 1 are also assigned to the observed 

distribution. A regularly spaced population has a SDI value of 1, and a clustered population 

had an SDI value of 0. A randomly spaced distribution has a SDI value close to 0.5. 

3D distance maps of endometrial stromal cells to endometrial glands 

To generate 3D distance maps, centroid points were generated in Fiji Image J and 

distance maps were generated in Avizo (version 9.5.0). Reducing cell nuclei stamps down 

to one voxel, centroid points, was necessary to create one 3D distance measurement per 

endometrial stromal cell nuclei. Cell nuclei stamps were batch converted in Fiji Image J into 

centroid image stacks by the macro ‘macro batch processing 3D distance mapping’ detailed 

in Appendix A. 

The second phase of the analysis was carried out in Avizo (version 9.5.0), where 3D 

distance maps of uNK cells and stromal cell nuclei centroid points were generated against 

manually segmented endometrial gland portions. A 3D distance map was generated away 

from the endometrial gland, taking the endometrial gland as 0 µm. The 3D distance map 

than assigned the uNK cells and stromal cells a distance between them and the endometrial 

gland portions present in the imaged endometrial volume (Figure 3.4). The raw data output 

was cell count at a given distance from the endometrial gland portions. Data were 

presented as the distance between the endometrial gland portions and the closest uNK cell 
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or stromal cell. The distance between the endometrial gland portions and where 50% of 

uNK cells or stromal cells were located and the distance between the endometrial gland 

portions and the furthest uNK cell or stromal cell. 

 

Figure 3.3 A test clustered population analysed by the Spatial Distribution Index. A) a 

test observed clustered population created manually, B) cumulative frequency curves 

of the distance between cells comparing the observed population (red line) to the 

randomly generated population (black line) surrounded by 95% confidence limits (grey 

lines), the observed population curve (red) sits to the left of the randomly distributed 

curve C) a randomly generated population, and D) a cumulative frequency curve of the 

randomly generated population, A randomly distributed population curve sits within 

the 95% confidence limits. 



Chapter 3 Endometrial spatial relationships 

95 

 

 

Figure 3.4 Representative 3D distance map of endometrial stromal cells from 

endometrial gland (red). Blue is closest to the endometrial gland and yellow furthest 

away. Endometrial stromal cell centroid voxels have been dilated in order to visualise 

the cells. 

3.3.5 Data analysis  

Data analysis and management was carried out in Prism 8 (GraphPad Software Inc., 

California, USA) and Microsoft excel 2016. Prior to carrying out this investigation, sample 

power calculations were calculated using data from previous 2D imaging experiments. 

Sample power calculations indicated that n = 10 per participant group would provide 80% 

power to detect a change in uNK cell number in the endometrium from women with 

recurrent pregnancy loss versus controls. 

All data were tested for a normal distribution by the Shapiro-Wilk normality test 

before further statistical analysis was carried out. Data that were not normally distributed 

were presented as median and statistically compared using a Mann Whitney U test. Data 
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that were normally distributed were presented as the mean and statistically compared 

using a Welch’s corrected t –test, which does not assume that two populations have the 

same standard deviation. An unequal variance test was chosen based on control and 

recurrent pregnancy loss populations demonstrating different standard deviations.  

To investigate the association between stromal cell 3D spatial relationships and 

recurrent pregnancy loss, parameters cell density, average distance between cells and cell 

clustering were statistically compared between participant groups. To investigate the 

association between endometrial stromal to endometrial glands spatial relationships and 

recurrent pregnancy loss, 3D distance map data was statistically compared between 

groups. A p value of ≤ 0.05 was considered statistically significant. 
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 Results 

Participant demographics and self-reported menstrual cycle characteristics show no 

significant differences between these variables were observed when statistically analysed 

by a t-test (Table 3.3). The number of pregnancies and the number of miscarriages 

however, were significantly increased in recurrent pregnancy loss participants compared 

to egg donor controls (p < 0.01). 

Table 3.3 Demographics, menstrual cycle characteristics and fertility history of participants. 

Characteristic Control (n = 10) 
mean (SD) 

Recurrent pregnancy loss (n = 11) 
mean (SD) 

Demographic characteristics   
Age 30.1 (3.5) 33.0 (4.0) 
BMI 23.6 (4.4) 25.6 (3.7) 

Menstrual cycle characteristics   

Day of menstrual cycle 20.6 (1.8) 20.8 (1.8) 
Length of menstrual cycle 28.6 (0.9) 27.6 (1.3) 

Fertility history   

Contraceptive use in last year none none 
Number of pregnancies 0.7 (0.5) 5.4 (1.0) * 
Number of miscarriages 0.0 (0.0) 4.0 (0.7) * 

Met criteria for egg donation Yes n/a 

* p < 0.01 indicates significantly different from control group, AMH = anti-mullerian 

hormone, n/a = not applicable. 

3.4.1 Wholemount immunohistochemistry protocol optimisation summary 

Endometrial stromal cell markers were optimised for wholemount 

immunohistochemistry, to provide strong antibody signals in whole pieces of endometrial 

tissue which could be quantified in 3D image analysis (Figure 3.5). 

3.4.2 Association between the stromal cell 3D spatial arrangement and recurrent 

pregnancy loss 

Endometrial tissue biopsies were processed by wholemount 

immunohistochemistry, imaged by confocal fluorescence microscopy and analysed by 3D 

workflows, so as to investigate the association between uNK cell and stromal cell 3D spatial 
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arrangements and recurrent pregnancy loss. 3D spatial arrangements were quantified from 

stromal cell nuclei, including cell density (number of endometrial stromal cells per mm3), 

the average distance between stromal cells in a given tissue volume and cell clustering 

defined by the spatial distribution index (Figure 3.6). 

uNK cell density was significantly increased in the endometrium from women with 

recurrent pregnancy loss (n = 11) compared to controls (n = 10, p = 0.03, Figure 3.7A). While 

stromal cell density in the endometrium from women with recurrent pregnancy loss (n = 9) 

was higher than controls (n = 10) in absolute terms, there was no significant difference (p 

= 0.50, Figure 3.7B). Total uNK cell and stromal cell density was significantly increased in 

the endometrium from women with recurrent pregnancy loss (n = 20 measurements) 

compared to controls (n =20 measurements, p = 0.04, Figure 3.7C). 

uNK cells in the endometrium from women with recurrent pregnancy loss (n = 10) 

showed a higher degree of clustering compared to controls (n = 8), however, uNK cell 

clustering was not significantly different between groups (p = 0.19, Figure 3.7F). Stromal 

cells in the endometrium from women with recurrent pregnancy loss (n = 8) were 

significantly more clustered than controls (n = 8, p = < 0.05, Figure 3.7G). No association 

was observed between 3D spatial parameters and day of the menstrual cycle (Figure 3.8).  
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Figure 3.5 Representative images and 3D reconstructions of endometrial stromal cell markers optimised in wholemount immunochemistry comparing 

endometrium from women with recurrent pregnancy loss (RPL) versus controls. Uterine natural killer cells (green, CD56 [123c3]), macrophages (blue, CD163+ 

[EDHu-1] FITC) and stromal cells (red, anti-vimentin [SP20]).

Control 

C D 

RPL RPL 
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Figure 3.6 Representative 3D reconstructions showing stromal cell 3D spatial 

arrangements. A) Endometrial volume from control participants with a low uterine 

natural killer cell (green) and stromal cell (red) density versus B) an endometrial volume 

from women with recurrent pregnancy loss demonstrating an increased uterine natural 

killer cell and stromal cell density surrounding endometrial glands (blue). C) 

Representative 3D reconstructions of regularly spaced stromal cells and D) clustered 

stromal cells. Each cell is represented by its cell nuclei

A B 

C D 
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Figure 3.7 Altered endometrial stromal cell 3D spatial arrangements in the endometrium from women with recurrent pregnancy loss versus controls. A) Endometrial stromal 

cell density (cells per tissue volume mm3) in uterine natural killer (uNK) cells, B) stromal cells and C) total uNK cells and stromal cells. A-C) Data presented as median and 

statistically analysed using a Mann Whitney U test. D) Average distance between stromal cells in a given tissue volume in uNK cells and E) stromal cells. D-E) Data presented 

as mean and statistically analysed by Welch’s corrected t-test. F) Endometrial stromal cell clustering analysis for uNK cells and G) stromal cells. Spatial Distribution Index 

(SDI) range 0 (clustered) to 1 (regularly spaced). F-G) Data represented as median and statistically analysed using a Mann Whitney U test. * p ≤ 0.05 indicates RPL 

significantly different from control.
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Figure 3.8 No associations were observed between stromal 3D spatial arrangements and menstrual 

cycle day in endometrium from women with recurrent pregnancy loss (RPL) versus controls. A) 

Endometrial stromal cell density (cells per tissue volume mm3) in uterine natural killer (uNK) cells 

and B) stromal cells. C) Average distance between stromal cells in a given tissue volume in uNK cells 

and D) stromal cells. E) Cell clustering analysis for uNK cells and F) stromal cells. 
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3.4.3 Association between stromal cells to glands 3D spatial relationships and 

recurrent pregnancy loss 

To investigate the association between stromal cells to glands 3D spatial 

relationships and recurrent pregnancy loss, 3D distance maps were calculated between 

uNK cells, stromal cells and endometrial gland portions. The distance between endometrial 

gland portions and their closest uNK cell and stromal cell were calculated. The distance at 

which 50% of cells were located away from endometrial gland portions were calculated. 

Finally, the distance between endometrial gland portions and their furthest away uNK cell 

and stromal cell were calculated. 

Spatial relationship of uNK cells to endometrial glands 

The uNK cells furthest away from endometrial glands were significantly further 

away from endometrial glands in the endometrium from women with recurrent pregnancy 

loss (n = 10) compared to controls (n = 8, p < 0.05, Figure 3.9C). The distance at which 50% 

of uNK cells were located away from endometrial glands and the uNK cells closest to 

endometrial glands, however, were not significantly altered in the endometrium from 

women with recurrent pregnancy loss compared to controls (Figure 3.9A and B). 

Spatial relationship of stromal cells to endometrial glands 

The stromal cells closest to endometrial glands were significantly closer to 

endometrial glands in the endometrium from women with recurrent pregnancy loss (n = 8) 

compared to controls (n = 8, p = 0.01, Figure 3.9D). The distance at which 50% of stromal 

cells were located away from endometrial glands and the stromal cells furthest away from 

endometrial glands, however, were not significantly altered in the endometrium from 

women with recurrent pregnancy loss compared to controls (Figure 3.9E and F). No 

associations were observed between stromal – gland 3D spatial relationships and 

menstrual cycle day (Figure 3.10). 

3D reconstruction of endometrial tissue volumes allows 3D spatial relationships to 

be represented and quantified, compared to 2D image sections (Figure 3.11). 
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Figure 3.9 Altered distance of uterine natural killer (uNK) cells and stromal cells to endometrial 

glands in the endometrium from women with recurrent pregnancy loss (RPL) versus controls. A and 

D) the closets cell to the endometrial gland portion, B and E) the distance at which 50% of cells are 

located away from the endometrial gland portion and C and F) the furthest cell from the endometrial 

gland portion. Data represented as median and statistically analysed using a Mann Whitney.* p ≤ 

0.05 indicates RPL significantly different from control. 
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Figure 3.10 No associations were observed between endometrial stromal – gland 3D distance maps 

and the day of the menstrual cycle in the endometrium from women with recurrent pregnancy loss 

(RPL) versus controls. A and B) uterine natural killer (uNK) cells and C and D) stromal cells. 
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Figure 3.11 3D endometrial reconstruction provides more volume information 

compared to a 2D image section. A) 3D reconstruction demonstrates clustered uterine 

natural killer cells (green) and stromal cells (red). B) A 2D section from this stack used 

to generate image A shows the nuclei (white) and NK cells green. The gland epithelium 

can be seen at the top right. 

 Discussion 

This chapter described an innovative approach to investigating 3D structural changes 

in the endometrium of women with recurrent pregnancy loss, which may identify 

endometrial markers that can be used in clinical diagnostics. This study demonstrates for 

the first time that the 3D spatial relationships between endometrial stromal cells and 

glands can be quantified. Increased uNK cell density in the endometrium from women with 

recurrent pregnancy loss is consistent with those of previous 2D immunohistochemistry 

studies (Chen et al., 2017; Kuon et al., 2017; Quenby et al., 1999), however, this study has 

gone beyond cell density and has shown that the 3D spatial relationships of uNK cells and 

stromal cells are altered in recurrent pregnancy loss. 

Endometrial biopsies are used in routine clinical workups for recurrent pregnancy 

loss patients. This 3D imaging study has demonstrated that uNK cells and stromal cells are 

clustered therefore endometrial cells could be missed or measured incorrectly when 

investigated using 2D imaging techniques. A larger number of 2D sections could account 
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for a 3D endometrial tissue volume, however, 3D imaging facilitates a more accurate and 

detailed approach to one region of the endometrium and provides spatial data. 

The increase in uNK cells observed in this study could be an over compensation for 

increased senescent decidualised cells in the endometrium from women with recurrent 

pregnancy loss (Lucas et al., 2016). uNK cells could be activated to clear excess senescent 

decidualised cells by granule exocytosis and balance the number of senescent cells during 

the window of implantation (Brighton et al., 2017; Lucas et al., 2016). This may in turn affect 

the endometrial inflammatory response mediated by senescent cells. Changes to this 

inflammatory response in the endometrium from women with recurrent pregnancy loss 

may contribute towards an unsupportive uterine environment unable to sustain a 

pregnancy (Salker et al., 2012). 

Excessive decidual senescence reported in the endometrium of women with 

recurrent pregnancy loss has been associated with a low percentage of uNK cells, which is 

different from the uNK cell profile determined in our study (Lucas et al., 2020). 3D uNK 

quantification versus 2D tissue sectioning methods may explain the difference in uNK cell 

outcome in the endometrium from women with recurrent pregnancy loss. 2D standardised 

methods also analysed uNK cells close to the luminal epithelium rather than the glandular 

epithelium (Lash et al., 2016). 3D quantitative imaging is more representative of an 

endometrial tissue volume compared to 2D tissue sectioning allowing spatial relationships 

to be determined. The relationship between uNK cells and senescent decidualised cells in 

the endometrium from women with recurrent pregnancy loss is yet to be established. To 

investigate this relationship, the 3D quantitative imaging methods described in this chapter 

could be performed on stromal cell markers associated with senescent decidualised cells 

such as SCARA5, DIO2 and senescence-associated β-galactosidase (SAβG) activity (Brighton 

et al., 2017; Lucas et al., 2020). 

It has been reported that senescent decidualised cells form islets. Clustered uNK cells 

in the endometrium from women with recurrent pregnancy loss could be involved in 

clearing these grouped senescent decidualised cell regions (Brighton et al., 2017). 

Alternatively, clustered endometrial stromal cells may be forming due to their reduced 
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colony forming potential and therefore not as evenly distributed throughout the tissue 

(Lucas et al., 2016). Altered inflammatory signalling could also be responsible for changes 

to uNK spatial relationships in the endometrium of recurrent pregnancy loss, impacting 

upon the immune response (Salker et al., 2012) or the influence of progesterone indirectly 

through glucocorticoid receptors as uNK cells do not have progesterone receptors (Guo et 

al., 2012).  

As well as demonstrating differences between clinical groups, this study found 

variation within clinical groups. Variation within participant groups could reflect different 

regions of the endometrium or differences in sampling site. A larger number of tissue 

volume replicates may be required per participant to make tissue sampling more 

representative. Alternatively, within participant group uNK cell spatial variation could be 

due to subtypes of uNK cell (Lucas et al., 2020). A lack of HLA-C groups and KIR activation 

in different uNK cell subtypes has been reported in women with recurrent pregnancy loss 

(Hiby et al., 2009). Sixteen KIR genes have been identified which have specific binding 

affinities to MHC -1 and could dictate uNK cell activation (Colucci & Gaynor, 2017).  

The antibody used for this study was a general CD56 uNK cell marker and would not 

have identified subsets of uNK cells. To understand the uNK phenotype in the endometrium 

from women with recurrent pregnancy loss, single cell sequencing paired with targeted 3D 

image analysis could be performed to understand their gene expression profile and their 

location in relation to the glandular epithelium. Advanced wholemount in situ hybridisation 

technology such as the RNAscope® would allow differential gene expression to be 

identified and located in endometrial glands (Kann & Krauss, 2019). uNK cells exhibit 

fluctuation over the course of the implantation period, which could also be contributing to 

the variation within study groups (Russell et al., 2011). The overlap between control and 

recurrent pregnancy loss groups also reinforce that the underlying cause of recurrent 

pregnancy loss is multifactorial.  

Different spatial relationships between uNK cells, stromal cells and endometrial 

glands may be due to a larger abundance of other cell types such as dendritic cells and 

lymphocyte T cells or Tregs. uNK cells further away from the endometrial gland portion may 
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be close to other endometrial glands outside the tissue volume, reinforcing that sampling 

site may have a direct influence on stromal cell analyses. Other stromal cell types such as 

dendritic cells and Tregs were not measured in this study due to the time constraints of 3D 

image processing. Other immune cells such as T cell populations have also been shown to 

be altered in the pre-pregnancy endometrium of women with recurrent pregnancy loss 

(Southcombe et al., 2017). 

The clustering of endometrial glands, their size, shape and the gland to gland 

proximity may differ, and as such, these parameters must be taken into account for future 

3D studies (Kara et al., 2007). Alternatively, uNK cell-epithelial signalling pathways could be 

altered if the uNK cells are further away from endometrial glands from women with 

recurrent pregnancy loss (Hantak et al., 2014; K et al., 2010), linked to an alteration in uNK 

cell cytokine secretion (Blois et al., 2017). This study has shown it is possible to quantify 

uNK 3D spatial relationships, future work should be carried out to determine uNK function 

in recurrent pregnancy loss such as uNK activation (Faridi & Agrawal, 2011). 

It is not clear why endometrial stromal cells may be located closer to endometrial 

glands in the endometrium from women with recurrent pregnancy loss. Stromal cells 

secrete precursors for the extracellular matrix. Stromal cells may be closer to damaged or 

structurally abnormal endometrial glands in recurrent pregnancy loss to provide structural 

support (Kara et al., 2007). The type of collagens may be altered in the endometrium from 

women with recurrent pregnancy loss and therefore impacting on the spatial distribution 

of stromal cells. Alternatively, a change in stromal cell 3D spatial arrangements may stem 

from alterations in stromal cell – epithelium interactions, altering cytokine secretion, and 

other growth factors that influence epithelial proliferation (Chen et al., 2013; Li et al., 

2011). Future work is required to answer these questions. 

3D imaging is more representative compared to 2D tissue sectioning, allowing tissue 

volumes to be imaged and analysed. Although 2D imaging may use a bigger field of view, 

3D imaging allows volume data to be acquired which 2D imaging does not. Decidualised 

stromal cell 3D spatial distributions may be a result of an underlying faulty mechanism, 
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causing an out of sync implantation window, predisposing recurrent pregnancy loss (Salker 

et al., 2012).  

The endometrial stromal to epithelial 3D spatial relationships described in this study 

could be taken into account when standardising uNK clinical measurements (Lash et al., 

2016). Endometrial biopsy dating is traditionally measured by glandular cellular 

proliferation and structure. The 3D spatial relationships of endometrial stromal cells could 

provide further insight into endometrial dating, especially as faster imaging techniques are 

developed such as artificial intelligence assisted segmentation (Lewis & Pearson-Farr, 

2020). 

 Limitations 

Access to clinical samples as well as practical and technical constraints mean that 

there are some limitations to what could be achieved in this study. The timing of the 

menstrual cycle was made on a participant’s last menstrual bleed, reliant on self-reporting, 

and did not use ovulation sticks to time the LH surge. The window of implantation is 

typically considered to be LH + 7 - 10 but because of sample availability this study uses 

samples from LH + 4 - 10, due to the endometrial biopsies available at the time of tissue 

processing (June, 2019). The results are not changed if samples from only the standard 

implantation window are considered (LH + 7 – 10 days). 

uNK results were not normalised to cycle day as in recent literature (Lucas et al., 

2020) as no association was observed between 3D spatial parameters and menstrual cycle 

day, however future work could use a narrower window of implantation (LH + 7 - 10). No 

correlation between uNK cell and stromal cell spatial arrangements and the day of the 

menstrual cycle suggests that there may be variability in endometrial structure during the 

window of implantation.  

Labelling stromal cell nuclei through a tissue volume was a time-consuming process. 

For this to be adopted clinically, accurate automated or semi-automated labelling would 

be required to streamline these workflows. This study used three replicates per patient 

sample due to imaging time and resource availability. A larger number of replicates may 



Chapter 3 Endometrial spatial relationships 

111 

 

have provided a better representation of the endometrial tissue volume and future 

experiments could be performed to determine the optimum number required. In this study 

there was a compromise between the area of the field of view and image detail. I choose 

to use the greatest detail with x63 objective, at a z depth of 83 µm. However, it may be that 

this is not required and future studies need to compare the results with higher resolution 

and greater precision or wider field of view and a more representative sample. 

This 3D map analysis considers endometrial stromal cells to endometrial glands. 

During this analysis, however, there was no comparison of the endometrial gland sections 

between the endometrium from women with recurrent pregnancy loss and controls. 

Further investigation is needed to compare endometrial glands of control and recurrent 

pregnancy loss endometrium; such as endometrial gland volume or endometrial gland 

branching. 

 Future directions 

Future work could study novel 3D spatial parameters of other endometrial stromal 

cell types including macrophages, dendritic cells, Tregs and T-cells. This will build a picture 

on the association between recurrent pregnancy loss and endometrial stromal 3D 

architecture. Using antibodies raised specifically to subpopulations of uNK cells, this will 

also begin to tease out if uNK subpopulations explain variation seen in the endometrium 

from women with recurrent pregnancy loss. The variation identified in the results between 

recurrent pregnancy loss and control could also be analysed by stratifying the data by the 

number of pregnancy losses. This could determine if there is an association between the 

number of pregnancy losses and endometrial stromal cell 3D spatial relationships. These 

methods can also be applied to study wider reproductive phenotypes such as infertility and 

recurrent implantation failure. 

This study has shown the stromal – glands 3D spatial relationships are altered in the 

endometrium of women with recurrent pregnancy loss. This difference could have been 

due to altered endometrial gland morphology or altered endometrial gland distribution 

(Kara et al., 2007). Therefore endometrial gland volumes and gland distribution should be 
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taken into consideration in future studies. The 3D imaging techniques used in this study 

can be applied to lightsheet microscopy techniques, which will allow multiple gland 

sections to be imaged per tissue volume while keeping image resolution. This will provide 

a more representative investigation into stromal cell to glandular relationships and address 

sampling variation. Going forward, it should be kept in mind that faster and automated 

image segmentation such as artificial intelligence could help prepare stromal cell 

measurements for clinical applications (Lewis & Pearson-Farr, 2020). By taking endometrial 

glands into account in 3D analyses will provide insight into endometrial gland structure and 

function during the window of implantation which is currently very limited. Further 

investigations into this structure may facilitate better understanding of the uNK and gland 

interactions. 

 Conclusions 

In conclusion, this study demonstrates for the first time that the 3D spatial 

relationships of endometrial stromal cells and glands can be quantified. This study has gone 

beyond cell density quantification and shown that the 3D spatial relationships of uNK cells 

and stromal cells are altered in the endometrium from women with recurrent pregnancy 

loss. This could have been otherwise under-represented or missed in 2D tissue sectioning. 

Developing faster and accurate automated image analysis methods could allow these 

methods to identify endometrial markers which can be used in the clinic or suggest possible 

new avenues of diagnostics 

 



 

 

 

 

 

Chapter 4 Investigating the 3D architecture and function 

of endometrial glands during the window of 

implantation in healthy women, recurrent pregnancy 

loss and subfertility 
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 Introduction 

The window of implantation encompasses a receptive endometrium, which is 

defined as a physiological and molecular endometrial profile, ready to receive an 

implanting blastocyst. It has been suggested that there is a trade off during implantation, 

between a receptive endometrium and embryo quality, where an imbalance of these 

factors could lead to recurrent implantation failure or recurrent pregnancy loss (Macklon 

& Brosens, 2014). Endometrial glands are invaginations of the luminal epithelium, that 

secrete factors important for endometrial-trophoblast communication, consisting of 

secretory cells and ciliated epithelial cells (Filant & Spencer, 2013; Wang et al., 2018). Little 

is known about the 3D ultrastructure of endometrial glands, nor the role of ciliated cells 

inside endometrial glands. In this chapter, I use a multi-scale and 3D imaging approach to 

investigate endometrial glands during the window of implantation. 

The endometrial epithelium demonstrates morphological changes during the 

window of implantation, characterised by increased coverage of microvilli and pinopode 

protrusions from the epithelial apical surface. The glandular epithelium consists of four cell 

types, these include microvillus rich, pinopode, vesiculated and ciliated cells (Bartosch et 

al., 2011). The luminal epithelial pinopode number has been suggested as an endometrial 

receptivity marker as it is associated with pregnancy rate and embryo implantation rate 

following IVF procedures (Jin et al., 2017). The number of pinopodes has been reported to 

decrease in recurrent implantation failure endometrium showing a menstrual cycle phase 

delay in glandular morphology in patients of a poor IVF outcome (Aunapuu et al., 2018; 

Bahar et al., 2015). No change in pinopode coverage, however was reported in recurrent 

pregnancy loss endometrium (Xu et al., 2012). The role of increased extracellular 

protrusions during the window of implantation is yet to be determined.  

Maternal extracellular vesicles have been found in the uterus of fertile women 

(Simon et al., 2018). These microvesicles are thought to play a role in transporting miRNA 

cargo from the endometrium to the invading trophoblast, therefore playing a role in 

endometrial–trophoblast communication (Evans et al., 2019; O’Neil et al., 2020). 

Endometrial microvesicles have been observed in the endometrium, however, less 
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understood are the physiological mechanisms by which glandular microvesicles are 

produced. 

Endometrial cilia are present on the lumen of the endometrium and within glands. 

Glandular ciliated cells could facilitate the movement of glandular products into the uterine 

cavity, however the role of glandular cilia are largely unexplored (Perry & Crombie, 1982). 

Ultrastructural abnormalities have been reported in the glandular epithelium from women 

with recurrent implantation failure, endometriosis and miscarriage (Bahar et al., 2015; Kara 

et al., 2007; Roshangar et al., 2013). Atypical cilia from the endometrial epithelium include 

ciliary axoneme defects, such as impaired microtubule arrangement in the ciliary shafts, 

and deletion of central tubules, associated to a disturbed steroid hormone milieu (Denholm 

& More, 1980; Fedele et al., 1996; More & Masterton, 1976). The health of a ciliated 

epithelial cell has been reported as an all of nothing concept, however, thin sectioning 

electron microscopy would have limited the cilia which could be analysed (Denholm & 

More, 1980). 3D imaging techniques such as serial block face scanning electron microscopy 

(SBFSEM) overcome limitations of traditional electron microscopy techniques, allowing 

whole cellular structures to be characterised (Lewis & Pearson-Farr, 2020). 

The role of endometrial gland cilia during implantation is not understood. This study 

aims to use a multiscale 3D imaging approach to characterise 3D glandular cilia architecture 

in healthy women, providing a platform for future work on unsuccessful pregnancy 

phenotypes. Secondly, this chapter aims to investigate the association between recurrent 

pregnancy loss and glandular cilia during the window of implantation by applying a multi-

modal imaging approach. 

 Aims  

1. To develop a 3D image analysis approach to characterise the 3D architecture of 

endometrial gland cilia during the implantation window in healthy women. 

2. To investigate endometrial gland cilia ultrastructure and function during the 

window of implantation in women with recurrent pregnancy loss and subfertility 

versus controls.  
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 Methods 

The 3D architecture of healthy endometrial gland cilia were characterised during the 

window of implantation by a multiscale imaging approach. Endometrial gland cilia from a 

cohort of egg donor control participants were imaged by SBFSEM, transmission electron 

microscopy (TEM) and high-speed video of freshly isolated endometrial glands. To quantify 

3D ciliary parameters, novel 3D image analysis workflows were developed.  

To investigate endometrial gland cilia ultrastructure and function during the window 

of implantation in women with recurrent pregnancy loss and subfertility versus controls, 

endometrial gland cilia were compared by TEM and high-speed video respectively. 

4.3.1 Endometrial biopsy collection 

Endometrial pipelle biopsies were collected from egg donor controls (n = 11), 

recurrent pregnancy loss participants (n = 7) and subfertility participants (n = 3) across the 

window of implantation (LH + 4 - 10), as described in General methods section 2.2. Briefly, 

endometrial biopsies were collected by Pipelle catheter (Stocker et al., 2017), rapidly split 

and placed in 3% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4 for SBFSEM and TEM, 

or into 50:50 DMEM and Ham’s F12 nutrient media, 5% streptomycin without serum for 

endometrial gland isolation. 

Control participants met criteria for egg donation under Complete Fertility Centre 

Southampton. Recurrent pregnancy loss participants had a history of three or more 

miscarriages, while subfertility participants had a history of more than one year of 

infertility.  

4.3.2 Serial block face scanning electron microscopy (SBFSEM) 

Egg donor control endometrium were processed for SBFSEM and embedded in resin 

blocks, as described in General methods section 2.7. Once embedded, individual 

endometrial glands, of a transverse orientation, were identified close to the luminal 
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epithelial surface by thick sectioning (0.5 µm, Figure 4.1). Thick tissue sectioning, however, 

did not confirm if the endometrial glands were connected to the luminal epithelium. 

Once an endometrial gland was identified, the resin block was trimmed to a 1 mm3 

block, mounted onto a pin and splutter coated with gold/palladium. The endometrial gland 

was imaged by Gatan 3View inside a FEI Quanta 250 FEGSEM microscope at 3.0 kV 

accelerating voltage and a vacuum of 40 Pa. A stack of consecutive images were generated 

at a constant voxel size of 0.01 x 0.01 x 0.05 µm. 

4.3.3 3D cilia reconstruction and dimension quantification  

To characterise the healthy 3D architecture of endometrial gland cilia, a 3D image 

analysis workflow was developed in Avizo (version 9.5.0), and applied to SBFSEM stacks of 

healthy endometrial gland cilia, all work carried out using the IRIDIS 5 High Performance 

Computing Facility. This workflow aimed to isolate and quantify the 3D dimensions of 

individual cilia of a multi-ciliated cell. To apply 3D workflows to raw data SBFSEM stacks, 

grey scale images first had to be converted to binary images via segmentation. Cilia 

segmentation was carried out on a semi-automated platform ITK snap (version 3.6.0), via 

seeded segmentation. Once complete, the seeded segmentations were tidied manually to 

ensure that individual cilia of a multi-ciliated cell were separated. A 3D workflow including 

the skeletonization module, listed in Appendix A, was applied to the segmented cilia in 

Avizo (version 9.5.0) to characterise endometrial gland cilia 3D parameters. 3D parameters 

included number of cilia per ciliated cell and the length of cilia from basal body to tip. This 

workflow took the curvature of cilia into account, thus allowing for cilia in different phases 

of a stroke pattern. 

4.3.4 Transmission electron microscopy (TEM) 

Endometrial tissue pieces were processed for TEM, as described in General methods 

section 2.6. Tissue quality was first checked with toluidine blue stained thick sections (0.5 

µm), followed by the preparation of ultra-thin sections (90 nm) for imaging on the TEM 

Hitachi HT7700 with the titled stage. 
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Figure 4.1 Endometrial glands chosen for imaging were those that were close to the luminal epithelium. A - E) Light microscopy images of endometrial tissue 

sections (0.5 µm) taken from the top of each block of endometrial tissue prior to imaging on the SBFSEM. 
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4.3.5 Endometrial gland isolation 

Endometrial tissue pieces were processed for endometrial gland isolation by 

enzyme digestion, as described in General methods section 2.8. Briefly, whole endometrial 

glands were separated out from endometrial tissue pieces by digestion with 0.7 mg/ml type 

1A collagenase in 50:50 DMEM and Ham’s F12 nutrient media, 5% streptomycin without 

serum with gentle agitation. The solution was then sieved to isolate endometrial glands 

from the rest of the endometrial tissue. 1.5 ml isolated endometrial gland suspension in 

complete culture media was plated on a corning 12-well plate and kept at 37°C until 

imaging on high speed video within 1 h. 

4.3.6 Flow cytometry 

Flow cytometry was carried out to identify the cell types present in an isolated 

endometrial gland cell population. Prior to flow cytometry, single cell suspensions were 

fixed in 2 ml 4% PFA overnight at 4°C, and then re-suspended in 2 ml sterile PBS. The cells 

were counted using the Coulter cell counter, and adjusted to a cell concentration of 

1,000,000 cells per ml of PBS. Flow cytometry was carried out on single cell suspensions by 

methods described in General methods section 2.9.  

To prepare for flow cytometry, single cell suspensions were incubated with 3 

leukocyte cell markers for 20 min. These included PerCP labelled CD3 (Fisher Scientific; 

1:100 dilution) to mark T-cells, CD56 (Fisher Scientific; 1:20 dilution) to mark uNK cells and 

CD45 (Fisher Scientific; 1:20 dilution) a pan leukocyte marker. The cell suspensions were 

then washed 3x PBS and run on the FACSCalibur Flow cytometer. 

4.3.7 High speed live imaging 

Isolated endometrial glands in complete media were imaged by high-speed video 

microscopy as described in General methods section 2.8.4, no longer than 3.5 h after tissue 

collection. 100 µl of gland suspension was mounted into a cover well, that was then 

attached to a slide. The slide was inserted onto the microscope, and then the cilia were left 

to acclimatize for 30 min. The cilia beat frequency was then determined via an inverted 
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microscope Olympus 1 X 71 with Photron fastcam MC2 high speed video, at 37°C in a 

custom built environmental chamber. The glandular cilia beat frequency was calculated by 

counting how many frames it took for the cilia to make 10 full beats, to get a parameter of 

beats per second (Hz).  

4.3.8 Data analysis  

Motile glandular cilia beat function data is presented as mean and standard 

deviation. Data management was carried out in Microsoft excel 2016. 

To investigate the association of recurrent pregnancy loss and subfertility on 

glandular cilia ultrastructure and function, TEM data and high-speed video data were 

compared. TEM descriptive data was compared between patient groups. 

To compare cilia beat frequency was compared between patient groups. Data were 

tested for a normal distribution by the Shapiro-Wilk normality test before further statistical 

analysis was carried out. Data that were not normally distributed are presented as median 

and statistically analysed by a non-parametric Mann Whitney U test. 
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 Results 

No significant differences were observed in clinical characteristics, apart from a 

significantly higher number of pregnancies and miscarriages in recurrent pregnancy loss 

participants compared to controls (p < 0.01, Table 4.1). 

Table 4.1 Demographics, menstrual cycle characteristics and fertility history of 

participants.  

 Aim 1    Aim 2 

Characteristic Controls (n = 5)  
mean (SD) 

   Controls (n = 
6) mean (SD) 

RPL (n = 7) 
mean (SD) 

Subfertility 
(n = 3) 

mean (SD) 
Demographic 
characteristics        

Age 28.6 (2.4)    29.5 (5.0) 33.3 (3.3) 33.0 (2.0) 
BMI 26.6 (5.0)    25.0 (0.70) 23.8 (3.5) 22.3 (1.3) 

Menstrual cycle 
characteristics        

Day of menstrual cycle 20.8 (1.6)    20.5 (1.5) 21.6 (1.7) 21.3 (2.4) 
Length of menstrual 

cycle 28.4 (0.6)    28.6 (0.8) 27.5 (0.5) Insufficient 
data 

Fertility history        

Contraceptive use in 
last year (months) none    none none none 

Number of pregnancies 0.8 (0.4)    0.5 (0.5) 6.5 (2.9) * 1.0 (0.0) 
Number of miscarriages 0.0 (0.0)    0.0 (0.0) 5.8 (3.1) * 0.0 (0.0) 

Met criteria for egg 
donation Yes    Yes n/a n/a 

* = p < 0.01 indicates significantly different from control group, AMH = anti-mullerian 

hormone, n/a = not applicable. RPL = recurrent pregnancy loss. Aim 1: Characterising 3D 

endometrial gland cilia in healthy women. Aim 2: Comparing endometrial gland cilia in RPL 

and subfertility versus controls 

4.4.1 Isolated endometrial gland optimisation 

Endometrial gland isolation was achieved in the Southampton Placenta lab, using a 

50 µm cell sieve to get rid of any unwanted endometrial stromal cells. Sieved glands 

contained less stromal cell contamination (Figure 4.2B), compared to non-sieved glands 

(Figure 4.2A). Long isolated glands (Figure 4.2C) are comparable to those in whole 
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endometrial tissue (Figure 4.2D), including distinct epithelial cell structures and a glandular 

lumen. Flow cytometry reinforced low stromal cell contamination, by a low presence of 

stromal leukocytes (Figure 4.2). 

 

Figure 4.2 Endometrial gland isolation achieved. A) Pre cell sieving endometrial 

glands (white arrows) stromal cells and red blood cells. B and C) Post cell sieving 

endometrial glands only. D) Confocal image of endometrial glands in endometrial 

tissue. E) Flow cytometry of disaggregated cells from isolated endometrial glands 

with a uterine natural killer cells CD56 marker, F) T- cells CD3 marker and G) pan 

leukocyte marker CD45.  
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4.4.2 Glandular 3D architecture of healthy women during the window of implantation 

SBFSEM and 3D image reconstruction have provided new insights into the receptive 

glandular epithelium, including the production of microvesicles by microvilli and the 

presence of intercellular sacs separate from the glandular lumen.  

3D reconstruction of the glandular luminal epithelium, highlights the vast 

contribution of cellular projections, including a microvilli forest, cilia (Figure 4.3, Video 4.1: 

https://youtu.be/IGO8GrcQS7Y) and pinopodes (Figure 4.4). 3D measurements were made 

on a non-ciliated glandular luminal surface (15.0 µm length by 13.1 µm maximum 

diameter), giving a glandular luminal surface area of 19409.9 µm2 and a glandular lumen 

volume 2403.0 µm3. 

Microvesicles forming on glandular microvilli 

SBFSEM of the glandular lumen epithelium have demonstrated that glandular 

microvilli form microvesicles (Figure 4.4). This event was seen in all five egg donor control 

samples. 

Intercellular sacs in the glandular epithelium 

Intercellular sacs were observed within glandular epithelial cells (Figure 4.5A) in two 

out of five egg donor control samples. These intracellular sacs were not connected to the 

glandular lumen, appeared to be formed by invagination of the apical microvillus 

membrane. An intracellular sac of a subfertility sample (maximum diameter 4.82 µm) 

contained an unidentified structure which had some similarity to electron microscopy 

images of bacteria (Figure 4.5 B to D, Video 4.2: https://youtu.be/GmeepETM8Wk). The 

unidentified structure consisted of two components, an outer membrane (maximum 

diameter 1.94 µm, 4.49 µm3) and an inner triplet structure (average diameter 0.96 µm, 2.39 

µm3). The unidentified structure differs from granular secretory material, which bulbs 

above the microvillus surface (Figure 4.6). 

 

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2FIGO8GrcQS7Y&data=01%7C01%7Cjepf1g12%40soton.ac.uk%7C1d2ed5a5a15f4afc63be08d8638a7269%7C4a5378f929f44d3ebe89669d03ada9d8%7C0&sdata=5dVc%2FBLA0HFEqNj%2BSULUhOl%2FgN5kt7SdXxeOnY9gYnw%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2FGmeepETM8Wk&data=01%7C01%7Cjepf1g12%40soton.ac.uk%7Cb19ad034f82a478adac108d80ee854ec%7C4a5378f929f44d3ebe89669d03ada9d8%7C0&sdata=Xs7p%2FjnwP2LrPW98sLGVqzAuK2aHTvRf5IMVcnaDvn0%3D&reserved=0
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Figure 4.3 3D reconstruction of glandular epithelium generated from SBFSEM stack of images by semi-automated image segmentation. Dense microvilli 

coverage, and ciliated cells protruding out into the glandular lumen. 



Chapter 4 Gland 3D architecture 

125 

 

 

 

Figure 4.4 Representative SBFSEM images showing microvesicles forming on the tips of microvilli at the endometrial gland luminal surface. Pinopodes were 

also present on the apical surface of glandular epithelial cells. 
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Figure 4.5 Intracellular microvillus structure inside the glandular epithelium separated 

from the glandular lumen. A) SBFSEM image of an endometrial gland in transverse 

section, yellow box highlights the intracellular microvillus structure. B) 3D 

reconstruction of the intracellular microvillus sac (green) of a glandular epithelial cell, 

C) containing an unidentified structure inside (yellow outer membrane) and D) red 

internal structure
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Figure 4.6 Granular secretory material forming on the apical surface of glandular epithelial cells. A) Representative SBFSEM image and B) 3D reconstruction 

of the secretory material by semi-automated image segmentation. 



Chapter 4 Gland 3D architecture 

128 

 

4.4.3 Characterising motile glandular cilia 3D architecture and beat function during 

the window of implantation in healthy women 

Motile glandular cilia 3D architecture  

To characterise the 3D architecture of motile glandular cilia, multi-ciliated cells were 

identified in egg donor control SBFSEM gland portions, 3D reconstructed and quantified. 

Eleven multi-ciliated cells were identified in four out of five egg donor control gland 

portions, of which seven multi-ciliated cells had complete cilia from root to tip (Figure 

4.7A). Glandular cilia protrude into the glandular lumen, above the forest of microvilli 

(Figure 4.7B) and are distinguished from microvilli and pinopode cellular projections, by an 

internal striated protein structure (Figure 4.8A and B) and cilia basal bodies which root in 

glandular epithelial cells (Figure 4.9, Video 4.3: https://youtu.be/4NMWunVLyRM). The 

same egg donor samples were processed for TEM, whereby high resolution images of multi-

ciliated glandular epithelial cells confirmed healthy motile axoneme structure, including a 

close-fitting 9 + 2 arrangement of microtubules, visible dynein arms and a central pair 

(Figure 4.8C). 

Five multi-ciliated glandular epithelial cells from two egg donor controls were 3D 

reconstructed, separated into their individual cilia (Figure 4.10A) by skeletonization (Figure 

4.10B) and quantified. The average number of cilia per multi-ciliated glandular cell was 

approximately 100 cilia per cell and the average length of cilia per multi-ciliated glandular 

cell was approximately 5 µm. 

 

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2F4NMWunVLyRM&data=01%7C01%7Cjepf1g12%40soton.ac.uk%7C964c0517eea747c9e2b508d80ee7891d%7C4a5378f929f44d3ebe89669d03ada9d8%7C0&sdata=FG0UzqBvBpnYIZlvVdRm9T5hyAvtjwsPV0Hb6103QBI%3D&reserved=0
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Figure 4.7 3D reconstructions of glandular multi-ciliated epithelial cells. A) Cilia (dark blue) and ciliated epithelial cell (light blue). The flat edges of the epithelial 

cell are where the tissue volume ended. B) 3D reconstruction of glandular cilia (dark blue) protruding into the glandular lumen amongst cellular protrusions 

microvilli and pinopodes (green). 
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Figure 4.8 Representative electron microscopy images of glandular cilia. A) Endometrial gland cilia (yellow arrow) in longitudinal section B) and transverse 

section showing an internal striated protein structure compared to microvilli (black arrow). C) TEM images of control glandular motile cilia 9 + 2 axoneme 

ultrastructure, dynein arm motor proteins (red arrow) and a central pair surrounded by a lipid bilayer membrane. 
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Figure 4.9 3D reconstruction of motile cilia basal bodies inside the glandular ciliated epithelial cell. The transparent ciliated epithelial cell (grey) and basal 

bodies anchored inside the ciliated epithelial cell (blue). 
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Figure 4.10 Representative 3D reconstruction and separation of individual cilia from a multi-ciliated glandular epithelial cell. A) Individual cilia are separated 

into separate labels and therefore separate colours. B) Individual cilia are then eroded down to their skeleton allow length calculations. The skeleton is in red 

and the end point/branching nodes are in blue. This process ensures individual cilia are not touching each other.

A B 
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Motile glandular cilia beat function 

To characterise the beat function of motile glandular cilia in healthy women, egg 

donor control endometrial glands were isolated from fresh tissue biopsies during the 

window of implantation. The cilia beat frequency of multi-ciliated cells was determined by 

high-speed video, no longer than 3.5 h after sample collection (Video 4.4: 

https://youtu.be/ggf1aNXNZDI, Video 4.5: https://youtu.be/cMLHr3W9RSE). 

The average cilia beat frequency of control motile glandular cells was 13.85 ± 1.59 

Hz (n = 3), which is within the normal range for airway cilia (11 – 20 Hz). Motile glandular 

cilia demonstrated an uncoordinated cilia beat. Cilia of the same multi-ciliated cell were 

beating forward and backwards, however at different times and not in a mixing manner. 

The uncoordinated beat was further confirmed at the ultrastructural level by the non-

uniform direction of glandular cilia central pairs (Figure 4.11). 

The gland isolation procedure uses enzymatic digestion, so could be unsettling for 

cells. To establish glandular cells were alive post high-speed video, a live-dead stain 

Propidium Iodide was applied and detected by confocal microscopy. Propidium iodide is a 

nuclei stain, not permeant to viable cells, demonstrating positive staining (red) if cell 

membranes are compromised (Figure 4.12B). The live-dead stain was not detected post 

high-speed video, confirming glandular cells were alive throughout live imaging (Figure 

4.12A). 

 

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2Fggf1aNXNZDI&data=01%7C01%7Cjepf1g12%40soton.ac.uk%7C964c0517eea747c9e2b508d80ee7891d%7C4a5378f929f44d3ebe89669d03ada9d8%7C0&sdata=etIsV9CDdMLKTYTpoE4R8G%2BYRMsKt%2FtoId%2B2pC%2FRdL8%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2FcMLHr3W9RSE&data=01%7C01%7Cjepf1g12%40soton.ac.uk%7C964c0517eea747c9e2b508d80ee7891d%7C4a5378f929f44d3ebe89669d03ada9d8%7C0&sdata=FqaY05XBjuZzah7RbZDzuRklhTAd4%2BwL0dmiYfwwQ%2B0%3D&reserved=0
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Figure 4.11 Ultrastructural comparison of cilia from the airways and cilia inside endometrial glands. A) TEM image showing uniform central pair direction 

amongst cilia from the human airway, TEM image provided by primary cilia dyskinesia team Professor Lucas Southampton. B) Central pairs in different 

directions in motile cilia from glandular ciliated epithelial cells. Yellow arrows show the cilia beat direction. 



 

 

Figure 4.12 Endometrial glands were alive post high-speed video live imaging. A) The 

absence of red staining (Propidium Iodide) indicates that the cell membranes were not 

compromised and therefore the cells were alive compared to B) glandular cells that 

were no longer viable. 

4.4.4 The axoneme ultrastructure and cilia beat function of motile cilia in endometrial 

glands from women with recurrent pregnancy loss and subfertility during the 

window of implantation 

To investigate the axoneme ultrastructure of motile cilia in endometrial glands from 

women with recurrent pregnancy loss and subfertility samples were studied by TEM. 

Axoneme defects were observed in endometrial gland motile cilia from one recurrent 

pregnancy loss participant and one subfertility participant compared to three controls. The 

axoneme of egg donor controls demonstrated a close-fitting 9 + 2 axoneme arrangement 

(Figure 4.13A). In contrast, recurrent pregnancy loss cilia show microtubule 

disarrangement, whereby outer microtubules sit at obscure angles relative to the central 

pair (Figure 4.13B), and loss of central tubules (Figure 4.13C). Recurrent pregnancy loss cilia 

did not present any healthy ciliary axoneme structure; however, there was no evidence of 

secondary defects, such as unwell cells. In comparison, subfertility cilia demonstrated 

‘spikey’ cilia (Figure 4.13D), suggestive of unhealthy cells.  

A B 
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Figure 4.13 Representative images of motile cilia axoneme structure in endometrial 

glands from controls, women with recurrent pregnancy loss and subfertility. A) Egg 

donor controls demonstrate a close-fitting 9 + 2 microtubule arrangement. B) Motile 

glandular cilia from women with recurrent pregnancy loss demonstrate axonemal 

defects including micro tubule disarrangement (yellow bands mark the angle of outer 

microtubule doublets) and C) loss of central pair microtubules (red arrow). D) Motile 

cilia axoneme structure in endometrial glands from women with subfertility 

demonstrate secondary defects such as spikey unhealthy cells (black arrows). 
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To investigate the association of recurrent pregnancy loss and subfertility on motile 

glandular cilia function, the cilia beat frequency was compared between control, recurrent 

pregnancy loss and subfertility participants during the window of implantation (Figure 

4.14). One subfertility participant was diagnosed with primary cilia dyskinesia (PCD), 

therefore cilia dysfunction in the airways. Recurrent pregnancy loss participants (n = 5) 

demonstrated an overall decrease in glandular cilia beat frequency compared to egg donor 

controls (n = 3), however, were not significantly altered when analysed by Mann Whitney 

U test (p = 0.14). PCD and subfertility groups also demonstrated a decrease in glandular 

cilia beat frequency compared to egg donor controls, however were not statistically 

analysed due to low sample size (Video 4.6: https://youtu.be/Gv1GHwnSstw). 
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Figure 4.14 Comparing the cilia beat frequency in endometrial glands between 

controls, women with recurrent pregnancy loss and subfertility. Red subfertility 

participant diagnosed with primary cilia dyskinesia. No significant differences were 

observed. The median for each group is indicated by the line. RPL = recurrent pregnancy 

loss. 

  

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2FGv1GHwnSstw&data=01%7C01%7Cjepf1g12%40soton.ac.uk%7C964c0517eea747c9e2b508d80ee7891d%7C4a5378f929f44d3ebe89669d03ada9d8%7C0&sdata=%2B6%2FdCJCC9YLKiHsCuxIRL%2Bd74W862aMxd364wQtQDyA%3D&reserved=0
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 Discussion 

This study has applied a multi-scale and multi-modal 3D imaging approach to 

investigating endometrial glands during the window of implantation, providing new 

insights into endometrial gland cilia structure and function. 

Glandular 3D architecture  

Investigating endometrial gland portions with SBFSEM has provided novel insights 

into the function of the glandular epithelium. This 3D SBFSEM data demonstrate microvilli 

cover the entire apical glandular surface of the endometrium, which is inconsistent with 

inferences from 2D TEM studies that suggest the glandular epithelium is made up of four 

separate epithelial cell types, including microvillus rich, pinopode, vesiculated and ciliated 

cells (Bartosch et al., 2011). Glandular ciliated epithelial cells and those with pinopodes are 

also microvillus rich. Vesiculated cells also have a microvillus apical surface which was 

reported by other researchers as rare (Bartosch et al., 2011). The appearance of 

pseudostratification is a characteristic of glandular epithelial cells in the luteal phase 

endometrium (Noyes et al., 1975). The glandular epithelial cells in this 3D SBFSEM data 

appear to be layered in 2D, but in 3D it is apparent they all connect to the underlying 

basement membrane. High resolution SBFSEM allows structures of interest to be extracted 

and quantified in 3D, compared to traditional scanning electron microscopy methods that 

only give surface topography information. 

Endometrial glands are understood to have a secretory function, therefore a high 

coverage of microvilli during the window of implantation is a surprise, as microvillus 

surfaces are traditionally absorbing not secretory. The glandular microvillus surface, similar 

to the microvillus brush border of the gastrointestinal glands, suggests a large surface area 

for glandular absorption (Gelberg, 2014). The proportion of glandular microvilli may vary 

dependent upon the stage of the menstrual cycle (Bartosch et al., 2011). A 3D spatial 

analysis could be performed on microvillus and non-microvillus cell types using the 

methods described in chapter 3 to establish if the microvillus coverage changes in 

endometrial gland portions in women with recurrent pregnancy loss or subfertility. The 

presence of invaginated microvillus structures inside the glandular epithelium, separate 
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from the glandular lumen, pose questions to the turnover of the apical glandular surface. 

The similarity between the isolated microvillus surface and that of the glandular lumen, 

suggest they were connected at one point in time, and have been separated by a 

phagocytosis or pinocytosis mechanism.  

It has been proposed that endometrial extracellular vesicles mediate endometrial-

conceptus communication (O’Neil et al., 2020). This study shows for the first time that 

glandular microvesicles form on the tips of microvilli, a physiological mechanism similar to 

that seen on the maternal villous membrane of the placenta (personal communication, 

Rohan Lewis). Endometrial glands may have a microvillus rich apical surface during the 

window of implantation to enable the production of microvesicles and miRNA cargo 

transport to the conceptus. Microvesicles being produced on the tips of microvilli is also 

seen in T-cell interactions, where T-cell receptors cluster on the microvillus tips (Kim & Jun, 

2019).  

Ciliated cells may help in the directional movement of microvesicles out of the 

endometrial glands, where they have been found in the uterus of healthy women (Simon 

et al., 2018). The beating pattern of the cilia may facilitate this movement of microvesicles. 

The physiological mechanisms at play here are yet to be established. To analyse the cilia 

beat pattern of glandular ciliated epithelial cells fluorescent beads could be introduced to 

live endometrial glands and detected by confocal laser scanning microscopy to detect the 

direction of the glandular luminal fluid. Alternatively, fluorescent beads could be attached 

to the tips of cilia to determine the cilia stroke pattern (Katoh et al., 2018). 

Characterising glandular cilia 3D structure and function in healthy women 

When investigating glandular ciliated cells via traditional electron microscopy, very 

few cilia were found inside endometrial glands due to the limitation of thin sectioning 

traditional electron microscopy methods (Bartosch et al., 2011). By application of SBFSEM 

and 3D reconstruction, glandular cilia 3D architecture and function have been 

characterised in complete ciliated cells of healthy women during the window of 

implantation. These 3D methods provide a platform to study whole ciliated cells in 

unsuccessful pregnancy endometrial phenotypes. 
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To my knowledge this is the first study to live image cilia inside endometrial glands. 

In contrast to airway epithelial cilia which have a coordinated unidirectional beat, glandular 

cilia were observed to have a non-synchronous beating pattern. This suggests that 

endometrial cilia are more likely to be involved in creating circulation of glandular 

secretions rather than any sort of directional movement. However, this theory would not 

provide a dominant direction of flow which would transport microvesicles into the uterine 

lumen. Impaired synchronicity in cilia beating from women with recurrent pregnancy loss 

may result in an abnormal uterine environment of the implanting embryo or may disrupt 

signal transduction by hindered microvesicle transport. This could result in reduced 

glandular secretions (Dalton et al., 1998; Mikołajczyk et al., 2003).  

Endometrial gland mucus production increases during the progesterone dominant 

luteal phase (Kelleher et al., 2016). This suggests that glandular cilia may act as a muco-

ciliary elevator, similar to that of airway cilia. A muco-ciliary elevator could be compromised 

in the endometrial glands from women with recurrent pregnancy loss or subfertility if cilia 

beating pattern is abnormal. Further studies into the coordination of multiple cilia of one 

gland portion, would help decipher the role cilia impose on the glandular milieu during the 

window of implantation. 

Glandular cilia structure and function in recurrent pregnancy loss and subfertility 

Ciliary axonemal defects found in endometrial glands from women with recurrent 

pregnancy loss and subfertility reflect those earlier observed by Denholm & More (1980) 

and Fedele et al., (1996). Ciliary axonemal defects include microtubule disarrangement, 

suggested to be a loss of hydin linkages that hold the outer microtubule lattice in a neat 

arrangement, and a loss of central pair tubules. For the first time, this study demonstrates 

impaired ciliary beat function in cilia from recurrent pregnancy loss participants and 

subfertility participants; an abnormal phenotype shared with glandular cilia from a PCD 

case study of known ciliary defects. Previous literature has reported that ciliary beat is the 

production of dynein arm activation (Satir et al., 2014). Lack of ciliary axoneme structures 

could be in part responsible for abnormal cilia function. These provisional findings require 
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further investigation of paired ultrastructural and cilia beat frequency analysis to better 

understand the association between suboptimal receptivity phenotype and ciliary function. 

Ciliary function in the airways is regulated by both genetic and environmental factors, 

where PCD provides a well-studied reference point for associated genetic and structural 

ciliary impairments. Environmental stimuli such as air pollutants and smoking have been 

reported to associate to ciliary impairments (Cao, et al., 2020; Shah et al., 2009). Women 

who smoke have an increased risk of ectopic pregnancy and increased incidence of tubal 

infertility (Bouyer et al., 2003). This suggests that glandular cilia could be influenced on a 

genetic and an environmental level, influencing the regrowth of cilia at every menstrual 

cycle. 

 Limitations 

The ability to access reliably dated clinical samples and 3D image data sets were both 

limitations for this study. The sampling window (LH + 4-10) was self-reported which could 

have led to potential mismatches between the menstrual cycle day and glandular 

morphology. However, all samples showed characteristics of a luteal phase endometrium. 

In future studies ovulation sticks should be used to determine the LH surge, therefore 

improving the accuracy of the menstrual cycle day. 

Glutaraldehyde fixative and heavy metal staining leads to a degree of shrinkage in 

the tissue which has been estimated to be approximately 10% (Kizilyaprak et al., 2015). This 

may mean my cilia length and cell volume measurements are underestimates. These 

limitations can be easily overcome by measuring a reference cell type such as red blood 

cells, which can be measured before and after tissue processing to estimate shrinkage 

factors.  

The 3D data sets produced by SBFSEM microscopy and 3D reconstruction contain 

large amounts of data, my gland SBFSEM stacks were approximately 1 TB each. Although 

these data sets were time consuming to analyse, I used semi-automated segmentation 

methods to help speed up process. In future studies, machine learning based approaches 

could be developed to speed up this process (Lewis and Pearson Farr 2020).  
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Thick tissue sectioning (0.5 µm) was used to determine the endometrial gland of 

interest close to the luminal surface, however, this connection and subsequent orientation 

to the luminal surface could not be established. SBFSEM is a destructive process, 

preventing correlative imaging approaches post SBFSEM. However, future studies could 

assess the fixed tissue by micro CT prior to SBFSEM imaging providing context of the tissue 

volume and its components or orientation to regions of interest. During the live imaging of 

endometrial gland portions, their orientation and relationship to the luminal surface could 

not be established. Future work should develop a way to orientate isolated endometrial 

glands to the luminal surface in order to understand cilia beating direction.  

 Future directions 

Future work aims to apply these novel methods to larger numbers of egg donor 

controls to establish a better understanding of glandular cilia 3D structure and function. 

Once healthy cilia have been characterised, larger numbers of recurrent pregnancy loss and 

subfertility participants can be studied. Further study design should investigate how 

multiple cilia of an endometrial gland coordinate in beat. This will help identify how cilia 

work together and if they affect the glandular secretions. Cilia coordination can be 

investigated by the direction of cilia basal bodies, by cilia alignment analysis by super 

resolution imaging techniques such as STORM microscopy (Liu et al., 2020). 

My SBFSEM datasets can be used to study microvesicles forming on the tips of 

microvilli. 3D reconstruction of this process in gland portions will provide insight into how 

they are formed, how often they occur, and if there is a spatial relationship between 

ciliated cells and sites of microvesicle production. SBFSEM data sets can also be used to 3D 

reconstruct glandular epithelial cells, to study the degree of pseudostratification to the 

glandular basal membrane, and 3D quantify pinopode coverage which has been suggested 

as an endometrial receptivity marker (Jin et al., 2017).  
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 Conclusions 

In conclusion, I have characterised endometrial gland cilia 3D ultrastructure and 

provided the first live cell imaging of cilia inside endometrial glands. These results provide 

new insights into glandular function during the window of implantation in healthy women, 

which can be applied to the study of unsuccessful pregnancy phenotypes. Paired 

ultrastructural and live cell cilia imaging will provide a better understanding of glandular 

ciliary biology and pathophysiology. 
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 Introduction 

Recurrent pregnancy loss is a problem for approximately 2% of women (Ford & 

Schust, 2009). We need to understand why recurrent pregnancy loss occurs in order to 

develop clinical treatments. For days 21-24 of the menstrual cycle the endometrium 

undergoes hormonally regulated cellular changes into a receptive state, in which it can 

receive an implanting embryo, termed the window of implantation. Recurrent pregnancy 

loss and implantation failure are thought to be governed by altered endometrial receptivity 

states such as an over or under receptive endometrium (Huang et al., 2017; Macklon & 

Brosens, 2014). Researchers have attempted to identify genes associated with a receptive 

endometrium, yet a consistent pattern of receptivity associated gene expression has not 

been established (Hu et al., 2014). One reason for this may be that the endometrium is a 

heterogeneous tissue consisting of different epithelial and stromal cell types. The gene 

expression profiles do not take into account the cell specific expression patterns associated 

with receptivity or differences in the cell populations that can influence overall gene 

expression. In this chapter, I apply RNA sequencing to isolated glandular epithelium to 

determine a gene expression pattern of endometrial glands in recurrent pregnancy loss 

during the window of implantation. 

Microarray and RNA sequencing studies have attempted to identify a pattern of 

endometrial gene expression associated with recurrent pregnancy loss (Huang et al., 2017; 

Othman et al., 2012). Studies on whole endometrium however, do not account for different 

endometrial cell types or structures including the glandular epithelium and the luminal 

epithelium. Candidate gene and microarray studies have been performed on whole 

endometrium to identify a potential gene expression profile associated with endometrial 

receptivity which they called ‘the endometrial receptivity array’ (ERA) (Díaz-Gimeno et al., 

2011). The ERA however, could not identify a non-receptive endometrium or implantation 

failures (Ruiz-Alonso et al., 2013). Microarray and RNA sequencing studies have since 

associated a pattern of endometrial gene expression with implantation failure (Chen et al., 

2018; Koot et al., 2016). Studies on whole endometrium have not provided a consistent 

pattern of gene expression that relates to unsuccessful pregnancy, potentially due to the 
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heterogeneity of endometrium not being taken into account and differences in 

methodology (Table 5.1).  

To overcome endometrial heterogeneity, single cell RNA sequencing has been used 

to identify individual endometrial cell type gene expression profiles during the window of 

implantation in control women. This does not however, establish whether different 

epithelial cell populations are from glandular or luminal epithelial regions (Lucas et al., 

2020). Epithelial and stromal cell gene expression profiles have also been established by 

isolating epithelial and stromal cell types prior to RNA sequencing by enzymatic digestion 

or FACS sorting (Krjutškov et al., 2016; Wang et al., 2018). A meta-analysis utilized 

microarray studies and one RNA sequencing study to establish a consistent gene expression 

pattern in the pre-receptive and receptive endometrium (Altmäe et al., 2017). RNA 

sequencing validation of pre-receptive and receptive endometrium also highlighted 

specific gene expression patterns associated with FACS sorted epithelial and stromal cells 

(Altmäe et al., 2017). No studies to date however, have measured the gene expression 

profile of endometrial glands only, allowing the endometrial gland epithelium to be clearly 

distinguished from other epithelial populations. 

Endometrial glands are invaginations in the luminal epithelium, secreting essential 

factors during the window of implantation. Gene knock-out studies show that endometrial 

glands are important for successful embryo implantation and for histotrophic nutrition in 

early pregnancy (Burton et al., 2002; Filant & Spencer, 2013). Within endometrial glands 

there are four different epithelial cell types including secretory cells and ciliated cells (Lucas 

et al., 2020). The beating of ciliated epithelial cells within the gland may be involved in 

mixing glandular secretions or moving these towards the uterine lumen, however their role 

is not well understood. 

Cilia contain microtubules that are polymers of tubulin. Tubulin are dimers of α-

tubulin and β-tubulin 55 kDa subunits. β-tubulin proteins are encoded by nine genes 

(TUBB1-9) and different isoforms are more or less prone to post translational modifications 

at the C-terminus tail regions that decorate the outside of the microtubule lattice. Different 

tissue types demonstrate specificity to certain β-tubulin isoforms, known as isoform 
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enrichment (Girotra et al., 2017). This suggests that different β-tubulin isoforms have 

different functions specific to cell types. Different tubulin isoforms and their respective 

post-translational modification have been reported to affect cilia beat function (Kubo et 

al., 2010; Vent et al., 2005). The entry of post-translational modification glutamylases are 

controlled at the base of the cilium. Regulation in and out of the cilium may also impact 

upon β-tubulin isoform post-translational modification (He et al., 2018). The β-tubulin 

isoform enrichment of endometrial gland ciliated cells is not understood. 

This study uses RNA sequencing analysis to compare the gene expression profile of 

isolated endometrial glands in recurrent pregnancy loss participants compared to healthy 

controls during the window of implantation. This chapter also aims to investigate β-tubulin 

enrichment in glandular ciliated epithelial cells and determine whether there is an 

association between β-tubulin gene or protein expression and recurrent pregnancy loss.  

 Aims  

1. To investigate the gene expression profile of isolated endometrial glands during the 

window of implantation in women with recurrent pregnancy loss versus controls. 

2. To investigate β-tubulin in isolated endometrial glands during the window of 

implantation from women with recurrent pregnancy loss versus controls. 
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Table 5.1 Summary of gene expression studies in unsuccessful pregnancy. 

Reference Method and 
model 

Endometrium 
sample 

Menstrual cycle 
day/ study group Finding Strengths Weaknesses 

(Brooks et 
al.,2016) 

Microdissection 
and RNA-

sequencing 
Sheep 

Luminal 
epithelium, 
glandular 

epithelium, the 
conceptus and 

endometrial 
luminal fluid 

Peri-implantation 
period of 

pregnancy 

Genes expressed in 
luminal epithelium and 

glandular epithelium 
involved in cell survival 

and growth 

Endometrial 
epithelium split 
into glandular 
and luminal 
epithelium 

Translation of 
sheep model to 

human 
endometrium 

(Chen et 
al., 2018) 

RNA-sequencing 
Human 

Whole 
endometrium 

Women with RIF 
vs control (LH+ 3 - 

7 days) 

Differentially 
expressed genes: 460 
mRNA and 742 long 

noncoding RNA 
clustered into TNF and 

toll-like receptor 
signalling pathway 

Pre-
implantation 

period of 
menstrual cycle 

Whole 
endometrium 

(Krjutškov 
et al., 
2016) 

FACS cell sorting 
and RNA-

sequencing 
Human 

CD39 stroma and 
CD9 epithelium 

2 samples 1) LH + 
8 days and 2) day 
25 late secretory 

with known 
endometriosis. 

Genes more active in 
cultured stromal cells 
vs biopsy. Low RNA 
yield from cultured 

epithelium  

Endometrium 
split into 

epithelial and 
stromal cells 

No comparison 
of RIF or RM 

patient groups to 
controls 

(Hu et al., 
2014) 

RNA-sequencing 
Human 

Whole 
endometrium 

Pre-receptive (LH 
+ 2 days) versus 

receptive 
endometrium (LH 

+ 7 days) 

2372 differentially 
expressed genes in LH 

+ 7 vs LH + 2. 
Pathways: mineral 
absorption and cell 

cycle 

LH + 2 and 7 
timed samples 

No comparison 
of patient 

groups/ whole 
endometrium 

(Koot et 
al., 2016) 

Microarray 
Human 

Whole 
endometrium 

RIF vs controls (LH 
+ 6 - 7 days) 

303 genes predictive 
of RIF, suggesting RIF 

is associated with 
reduced cellular 

proliferation 

LH + 6 - 7 timed 
samples 

Whole 
endometrium 

(Huang et 
al., 2017) 

RNA-sequencing 
Human 

Whole 
endometrium 

RIF/RM vs 
controls (LH + 7 

days) 

Complementary and 
coagulation cascades 

pathway was up-
regulated in RIF, while 
down regulated in RM 

LH + 7 timed 
samples 

Gene expression 
analysis not 
compared to 

control cohort/ 
whole 

endometrium 

(Kosova et 
al., 2015) 

Microarray 
Human 

Whole 
endometrium 

Recurrent early 
pregnancy loss < 

10 weeks (LH + 9 - 
11 days) 

Differentially 
expressed genes: 58 

genes associated with 
out of phase 

endometrium; 81 
genes associated with 

elevated glandular 
cyclin E levels 

Compares gene 
expression 
profile to 

endometrial 
abnormalities 

Lack of control 
cohort/ whole 
endometrium 

(Othman 
et al., 
2012) 

Microarray 
Human 

Whole 
endometrium 

RM vs controls 
(days 21 - 24 of 
the menstrual 

cycle) 

346 differentially 
expressed genes in RM 
vs controls. Associated 
pathways included cell 

differentiation and 
angiogenesis. 

Compared to 
fertile controls 

Whole 
endometrium 

RM = recurrent miscarriage, RIF = recurrent implantation failure, LH = luteinising hormone 
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 Methods 

In this chapter I compare the transcriptome in isolated endometrial glands between 

women with recurrent pregnancy loss and egg donor controls using RNA sequencing. I also 

perform a targeted analysis of β-tubulin gene isoforms in endometrial glands using qPCR 

and wholemount immunohistochemistry in women with recurrent pregnancy loss and 

subfertility versus controls. 

5.3.1 Endometrial biopsy collection 

Endometrial biopsies (approximately 1.5 cm x 0.5 cm x 0.3 cm) were collected using 

a Pipelle catheter (Stocker et al., 2017), from egg donor control (total, n = 11), recurrent 

pregnancy loss (total, n = 20) and subfertility (total, n = 9) participants during the window 

of implantation (LH + 4 - 10), as described in General methods section 2.2. One of the 

subfertility participants was also diagnosed with PCD. PCD is a genetic defect which causes 

reduced or completely non-functioning cilia in the airways, with the main consequence 

being frequent respiratory infections (Gravesande & Omran, 2005). 

Half of each endometrial biopsy was placed into 50:50 DMEM/ Ham’s F12 nutrient 

mixture containing 5% streptomycin for endometrial gland isolation, and the other half was 

immediately fixed in 4% paraformaldehyde for 2 h for wholemount immunohistochemistry. 

Samples were then stored in 0.1% sodium azide in PBS until image processing. 

5.3.2 Endometrial gland isolation 

Whole endometrial tissue biopsies were processed for endometrial gland isolation 

from egg donor control (n = 6) control and recurrent pregnancy loss participants (n = 9), 

plus one from a PCD patient case study. Endometrial gland isolation was performed by 

enzyme digestion within 1 h of tissue collection, as described in General methods section 

2.8. Tissue samples were kept on ice prior to endometrial gland isolation to reduce 

metabolic activity. Endometrial tissue pieces were digested with 0.7 mg/ml type 1A 

collagenase in 50:50 DMEM/ Ham’s F12 nutrient mixture, containing 5% streptomycin at 

37°C for 2 x 15 min intervals with gentle agitation. The solution was then passed through a 
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50 µm sieve to isolate endometrial glands from other endometrial cell types. Endometrial 

glands were then stored in 700 µl QIAol lysis reagent at -80°C until RNA extraction. 

5.3.3 RNA extraction 

RNA extraction was carried out on isolated endometrial glands, as described in 

General methods section 2.10. Isolated endometrial glands were homogenised by gentle 

agitation in 700 µl QIAol lysis reagent, before the Qiagen miRNeasy extraction kit protocol 

was followed to elute RNA into ddH20. The RNA yield was quantified by Thermos Scientific 

Nanodrop 1000 Spectrophotometer and RNA quality was analysed using an Agilent 2100 

bioanalyser.  

5.3.4 RNA sequencing  

The gene expression profile was compared between five pairs of endometrial glands 

from participants with recurrent pregnancy loss and egg donor controls, matched by the 

day of the menstrual cycle. Total RNA extraction, cDNA library preparation, RNA 

sequencing and bioinformatics data analysis was carried out by Dr Sybil Jongen, as 

described in General methods section 2.11. Library preparation was carried out (TruSeq; 

Illumina) to convert RNA to cDNA, add index adapters and flow cell adapters, to allow 

sample quantification and sequencing on the flow cell respectively. The cDNA library was 

quantified by a Roche KAPA library quantification kit (Illumina). Paired end RNA sequencing 

(2 x 150 bp) was carried out on Illumina NextSeq 550 which provided an average of 24.7 

million reads. 

Gene count data were normalised, and differential expression analysis was carried 

out in RStudio R-3.6.2 package DESeq2. The Empirical Bayes approach to false discovery 

rate (FDR) was applied to correct for multiple testing at 5%. Significance was determined 

by a Wald test and accepted as p ≤ 0.05. To increase stringency, a further log fold change 

threshold of 1.25 was applied.  

Genes which were significantly expressed in recurrent pregnancy loss endometrial 

glands compared to egg donor controls (no log fold change threshold), were mapped to 
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pathways using the publically available software Toppgene (Division of Bioinformatics, 

Cincinnati Children’s Hospital Medical Centre). A Benjamini & Hochberg (B&H) FDR was 

used to correct findings p ≤ 0.05.  

Secondary targeted analyses included the identification of genes associated with 

PCD (Lucas et al., 2017) and β-tubulin. Data are presented as log (base2) of count data. 

5.3.5 Quantitative PCR analysis of β-tubulin genes  

Egg donor control (n = 6) control, recurrent pregnancy loss participants (n = 9), and 

one PCD participant gland RNA was first converted to cDNA by reverse transcription, as 

described in General methods section 2.12. Gland RNA samples were prepared to a final 

concentration of 0.25 µg in 13 µl final volume using ddH2O. In addition to RNA samples, six 

coefficients of variation (CV) controls (C1 – C6) were prepared to a final concentration of 

0.05 µg/µl and no enzyme controls (NECs) were prepared with ddH2O in the place of the 

reverse transcriptase enzyme. Samples were incubated with random primers (C1181, 

Promega UK, 250 ng per reaction) in the PCR cycler (Verti 96 well thermal cycler, Applied 

Biosystems) at 70oC for 5 min to allow primers to anneal. Samples were then run on the 

PCR cycler, to perform reverse transcription by heating at 37oC for 60 min to allow reverse 

transcriptase (Moloney Murine Leukaemia Virus Reverse Transcriptase MMLV RT, M1701, 

Promega UK) to elongate the annealed primers and 95oC for 10 min to inactive the reverse 

transcriptase enzyme. Samples were then kept at 4oC continuously until samples were 

collected. cDNA samples were centrifuged and stored at -20oC. 

Gene expression of β-tubulin genes TUBB1, TUBB5V4 and TUBB4B were measured 

in endometrial gland cDNA from women egg donor controls women with recurrent 

pregnancy loss using qPCR, as described in General methods section 2.13. Genes of interest 

were measured using a Roche Universal Probe library assay on the Roche 480 Lightcycler, 

primer sequences listed in Table 5.2. cDNA was heated to 95°C for 10 min to activate the 

‘hot start’ polymerase, followed by 40X cycles of 95°C 15 sec to denature cDNA and 60°C 

60 sec for annealing and elongation.  
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Housekeeping genes UBC and UBE4A, previously validated by (Stocker et al., 2017), 

were measured using a Primer Design Double Dye assay on the Roche 480 Lightcycler. cDNA 

was heated to 95°C for 2 min to activate the ‘hot start’ polymerase, followed by 40X cycles 

of 95°C 15 sec to denature cDNA and 60°C 60 sec for annealing and elongation. For all qPCR 

assays, samples were run in triplicate alongside a standard curve, controls, NECs and NTCs. 

Cp values were determined by the second derivate method and were converted to DNA 

concentration using a standard curve.  

The relative expression of genes TUBB1, TUBB5V4 and TUBB4B were normalised to 

the geometric mean of two selected housekeeping genes (UBC and UBE4A).  

Table 5.2 Primers designed for β-tubulin genes. 

Gene Position Tm %GC Primer sequence (5’-3’) Probe UPL # 

TUBB1 1646-1666 
1695 -1714 

59 
60 

52 
55 

F cggagtcgcttacagaacagt 
R cagagtgggttttggagtgc 

#2 

TUBB5V4 
 

19 
20 

60 
60 

47 
50 

F accttgaggcgagcaaaaa 
R aggatggcacgaggaacata 

#64 

TUBB4B 51-72 
156-176 

59 
59 

50 
48 

F ctgctgctgtttgtctacttcc 
R ctgatcacctcccaaaacttg 

#38 

Tm = melting temperature, F = forward, R = reverse, %GC = guanine-cytosine, UPL # = Roche 

Universal Probe Library number. 

5.3.6 Whole-mount immunohistochemistry 

Endometrial samples were collected and fixed into 4% PFA for 2 h and then stored 

in 0.1% sodium azide in PBS until tissue processing as described in General methods section 

2.2.2. At the time of tissue processing a wholemount immunohistochemistry protocol was 

carried out on egg donor control (n = 11), recurrent pregnancy loss (n = 18) and subfertility 

(n = 9) endometrial samples to identify ciliated epithelial cells in endometrial glands, as 

described in General methods section 2.4. The assessor was blinded to patient group 

throughout the endometrial sample tissue processing, confocal imaging and image analysis 

to avoid sample bias. In short, endometrial samples were permeabilised in 0.5% Titron X-

100 in PBS for 1.5 h, washed in 1x PBS and then blocked with 2% BSA for 1 h.  
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Two wholemount immunohistochemistry experiments were carried out on 

endometrial samples with different β-tubulin antibodies. Primary antibody incubation was 

carried out in 75 µl droplets overnight at 4°C. Rabbit anti-radial spoke head 4 homolog A 

(RSPH4A) antibody (polyclonal, Sigma Aldrich, 1:100 dilution) was used as a cilia marker 

while, mouse anti-human general β-tubulin antibody (clone 2-28-33, Sigma Aldrich 

SAB4200715, 1:500 dilution), of unknown isoform specificity, and a specific mouse anti-

human TUBB5 antibody (clone AA2, Abcam ab231082, 1:500) marked ciliated cells positive 

for β-tubulin. To ensure consistency, master mix solutions were made up for all primary 

and secondary antibody incubations.  

Following 3 x PBS wash, secondary antibody incubation was carried out at room 

temperature for 2 h in 50 µl per endometrial sample. Secondary antibodies were donkey 

anti-mouse IgG 550 (Thermo fisher #SA5-10167, 1:200), Goat anti-rabbit CFTM633 

conjugate (Sigma-Aldrich #SAB4600140, 1:200) and DAPI nuclear stain (Sigma-Aldrich 

#D9542, 1:250). Finally, samples were cleared using TDE and stored at 4°C ready for 

imaging. 

Both wholemount immunohistochemistry experiments included a no-primary 

antibody control experiment to check for non-specific secondary antibody binding and a 

positive β-tubulin control to check for positive β-tubulin staining. Positive β-tubulin 

controls were healthy human airway nasal brushing slide preparations, donated by 

Southampton PCD team Professor Lucas. Traditional immunohistochemistry was carried 

out on the nasal brushing slides as described in General methods section 2.3. 

5.3.7 Confocal image analysis of endometrial gland portions 

Five endometrial gland portions per participant were imaged on the SP8 confocal 

laser-scanning microscope. The confocal laser scanning microscope settings were applied 

as described in General methods section 2.5. The first gland portion was selected by exciting 

only the DAPI channel, using a x 40 oil emersion objective. Endometrial glands were 

identified by their tube-like and columnar cell structure. Subsequent endometrial glands 
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two to five were chosen using a random method involving tossing a coin, whereby a head 

or a tail dictated if the field of view was moved in the X or Y direction respectively. 

Image analysis was acquired in real time as the field of view was manually moved 

through the gland portion. The number of ciliated epithelial cells were counted through a 

3D gland portion (Figure 5.1), identified by radial spoke head staining. Ciliated cells also 

positive for β-tubulin staining were also recorded. The outcome measurement was the 

percentage of cilia per gland portion positive for β-tubulin protein expression. The depth 

of the gland portion (µm) was consistent throughout participant groups, and image analysis 

acquisition was stopped if the laser intensity changed and made cilia identification unclear. 

Videos of all image analysis were taken but to save time image stacks were not acquired. 

 

Figure 5.1 Confocal laser scanning microscopy methods for beta-tubulin protein 

expression quantification. A field of view is selected at the top of the gland portion, 

the field of view is then moved down the gland portion and the number of cilia are 

counted (identified by radial spoke head protein) and those positive for beta-tubulin 

staining to give an outcome = % cilia positive for beta-tubulin staining in a gland 

portion. 
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5.3.8 Protein extraction and quantification 

Western blotting was carried out to validate the presence of general tubulin and 

TUBB5 protein isoforms in endometrial tissue and endometrial glands. 

The protein fraction was extracted from matched whole endometrial tissue pieces 

in RNAlater® and isolated endometrial glands in Qiazol lysis buffer from the same patient, 

as described in General methods section 2.14. All steps were undertaken at 4°C. Briefly, 

endometrium in RNAlater® were incubated in 1x RIPA buffer with 1:100 proteinase 

inhibitors for 2 h on ice with gentle agitation. Cells were then centrifuged at 12000 rpm for 

20 min at 4°C to remove insoluble material and the lysate was stored at -20°C. Meanwhile 

the Endometrial glands in 700 µl Qiazol lysis buffer were split into its aqueous phases by 

the addition of 400 µl chloroform. The protein fraction was isolated from the organic phase 

and stored at -20°C.  

Human embryonic kidney 293 cells (HEK293) were used as a positive control for β-

tubulin, while bacteria cells (XL-1- Blue competent cells LOT# 0540286) were used as a 

negative control for β-tubulin. Both cell types were centrifuged at 10000 rpm at 4°C and 

re-suspended in 100 µl PBS to wash the cells. The centrifuge step was repeated and cells 

re-suspended in 50 µl 1 x RIPA buffer with 1:100 proteinase inhibitors. The suspension was 

gently homogenised for 15 min, and then centrifuged at 12000 rpm. The lysate was stored 

at -20°C. 

Protein quantification was carried out via the BCA assay according to 

manufacturer’s instructions, as described in General methods section 2.14.1. A BSA 

standard curve was used in the same RIPA dilution as that of the samples. The sample 

protein concentration was acquired from a BSA standard curve. 

5.3.9 Western blotting and chemiluminescence detection 

Protein analysis of all samples were run in accordance with General methods section 

2.14. In short, whole endometrium (30 µg), endometrial gland protein lysate (15 µg) and 

positive control HEK293 (30 µg) were denatured by heating at 95°C for 4-10 min in sample 
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reducing buffer. Samples and Precision Plus Western C standard (Bio Rad #161-0376) were 

run in reducing conditions via SDS-PAGE, on a 10% separating gel. SDS-PAGE was run at 200 

V for until the dye front ran off the gel, typically just under 1 h.  

Protein blotting was carried out onto methanol activated PVDF membranes by semi-

dry transfer (Bio Rad), for 1.5 h at a 25 V limit and constant 75 mA. Membranes were 

blocked in 2% BSA to prevent non-specific binding, and then Western blotting primary 

antibody incubation was carried out overnight at 4°C with gentle agitation. The primary 

antibodies used were mouse anti-human general β-tubulin antibody (clone 2-28-33, Sigma 

Aldrich SAB4200715, 1:500 dilution, 50 kDa) and mouse anti-human TUBB5 antibody (clone 

AA2, Abcam ab231082, 1:2000, 49 kDa). All following Western blotting steps were carried 

out at room temperature with gentle agitation and 3 x 1 x TBST washes in-between steps. 

PVDF membranes were incubated with horseradish peroxidase (HRP) – bound anti-mouse 

secondary antibody (cell signalling #7076) for 1 h, a Precision Protein™ Strep-Tactin-HRP 

conjugate (Bio Rad #161-0380) for 1 h and a HRP- conjugated β-actin antibody loading 

control (Sigma A3854, 1:10000, 45 kDa) for 1 h.  

Chemiluminescence detection was carried out using the Amersham ECL Western 

Blotting Detection Kit (Cytiva, #RNP2108) on the Ingenius Gel Doc. The outcome of Western 

blotting was the presence or absence of the protein. Exposure times for general β-tubulin 

antibody were 1 min for whole endometrium protein and 5 min for isolated endometrial 

gland protein. While for the TUBB5 antibody, 2 min for whole endometrium protein and 6 

min for isolated endometrial gland protein. Higher exposure times were required for 15 µg 

of glandular protein compared to 30 µg whole endometrium. The presence of β-tubulin 

staining was compared to a ladder standard to determine protein size. 

5.3.10 Data analysis 

Data analysis and management was carried out in Prism 8 (GraphPad Software Inc., 

California, USA) and Microsoft excel 2016. All data were tested for a normal distribution by 

the Shapiro-Wilk normality test before further statistical analysis was carried out. 



Chapter 5 Gland beta-tubulin 

158 

 

To investigate the association of recurrent pregnancy loss on glandular β-tubulin 

gene expression, the relative expression of TUBB1, TUBB5V4 and TUBB4B were compared 

between egg donor controls and recurrent pregnancy loss participants. Data were normally 

distributed, therefore presented as the mean and analysed by a t-test with Welch’s 

correction which does not assume equal variance. This assumes that the standard 

deviations are different between patient groups. 

To investigate the association of recurrent pregnancy loss and subfertility on β-

tubulin protein expression, the proportion of cilia with β-tubulin was compared between 

groups. Samples were removed if there were less than three gland portion replicates per 

participant, if there were no cilia in the gland portions or if there were no glands in the 

endometrial tissue sample. Data were presented as the percentage of cilia in the gland 

portion positive for β-tubulin. Data were normally distributed, therefore presented as the 

mean and analysed by a t-test with Welch’s correction. 
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 Results 

No significant differences were observed in clinical characteristics between 

participant groups investigating gene expression in endometrial glands, other than a 

significant increase in pregnancies and miscarriages in recurrent pregnancy loss 

participants versus controls (p < 0.01, Table 5.3).  

No significant differences were observed in clinical characteristics between 

participant groups investigating protein expression in endometrial glands, other than a 

significant increase in pregnancies and miscarriages and age in recurrent pregnancy loss 

participants versus controls and age was significantly increased in recurrent pregnancy loss 

and subfertility participants versus controls (p < 0.01, Table 5.4). 

Table 5.3 Participant clinical characteristics (investigating gene expression in 

endometrial glands: RNA sequencing and targeted qPCR). 

Characteristic Controls (n = 
6) mean (SD) 

RPL (n = 9) 
mean (SD) PCD (n = 1) 

Demographic characteristics    

Age 29.8 (5.2) 33.1 (3.5) 35.0 
BMI 22.0 (2.2) 24.6 (2.7) 21.0 

Menstrual cycle characteristics    

Day of menstrual cycle 20.8 (2.0) 23.0 (2.6) 23.0 
Length of menstrual cycle 28.7 (0.9) 28.4 (1.5) 24.0 

Fertility history    

Contraceptive use in last year none none none 
Number of pregnancies 0.5 (0.5) 6.3 (2.3) * 1.0 
Number of miscarriages 0.0 (0.0) 5.3 (2.3) * 0.0 

Met AMH criteria for egg donation Yes n/a n/a 

* = p < 0.01 indicates significantly different from control group, AMH = anti-mullerian 

hormone, n/a = not applicable. 

  



Chapter 5 Gland beta-tubulin 

160 

 

Table 5.4 Participant clinical characteristics (investigating protein expression in endometrial 

glands: wholemount immunohistochemistry). 

Characteristic Controls (n = 11) 
mean (SD) 

RPL (n = 18) 
mean (SD) 

Subfertility (n = 
9) mean (SD) 

Demographic characteristics    

Age 29.3 (4.2) 33.6 (3.9) * 34.7 (4.8) * 
BMI 23.7 (4.2) 25.6 (3.2) 25.8 (3.4) 

Menstrual cycle characteristics    

Day of menstrual cycle 20.2 (1.8) 20.7 (2.0) 20.0 (2.9) 
Length of menstrual cycle 28.5 (0.8) 27.8 (1.2) 26.5 (2.9) 

Fertility history    

Contraceptive use in last year none none none 
Number of pregnancies 0.5 (0.5) 5.4 (1.9) * 1.4 (1.3) 
Number of miscarriages 0.1 (0.3) 4.3 (2.0) * 0.1 (0.3) 

Met AMH criteria for egg donation Yes n/a n/a 

* = p < 0.01 indicates significantly different from control group, AMH = anti-mullerian 

hormone, n/a = not applicable. 

5.4.1 Gene expression (RNA-Seq) of endometrial glands in recurrent pregnancy loss  

To determine whether the gene expression profile of isolated endometrial glands 

was altered in women with recurrent pregnancy loss, paired end RNA sequencing was 

carried out on five pairs of control vs recurrent pregnancy loss samples. Principle 

component analyses of paired samples and dispersion plot of normalised counts are shown 

in Appendix B. 19 genes were differentially expressed using a 5% FDR (Figure 5.2). Of these, 

18 genes were upregulated and 1 gene was down regulated. Three of these genes also met 

a more stringent 1.25 log fold change threshold: AKR1B10, SYT13 and DPP4. 

Pathways containing genes that were significantly altered were identified via 

pathway analysis (Figure 5.3) and a full list of identified pathways, molecular functions and 

biological processes are listed in Appendix C.  

The expression levels of known PCD genes, understood to associate to ciliary 

axonemal ultrastructure defects, in endometrial glands were compared between groups 
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(Figure 5.4). These results identify genes which could be targeted in future ciliary axonemal 

investigations. 
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Figure 5.2 Differentially expressed genes (p ≤ 0.05) in endometrial glands from women with recurrent pregnancy loss (RPL) versus controls (C). RNA-seq data 

presented as log base 2 normalised gene expression # indicate 1.25 log fold change threshold. Genes arranged by p value, lowest p value on the left. 
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Figure 5.3 Biological processes containing differentially expressed genes in endometrial 

glands from women with recurrent pregnancy loss. Data displayed as -log (FDR B&H 

corrected q value). Protein dimerization molecular function, endocytic vesicle cellular 

component, other pathways biological processes.
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Figure 5.4 Targeted analysis of known PCD genes associated with ciliary axonemal defects in endometrial glands. No significant differences 

were observed between control and recurrent pregnancy loss (RPL). RNA-seq data presented as log base 2 normalised gene expression.
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5.4.2 Endometrial gland β-tubulin in recurrent pregnancy loss and subfertility 

Β-tubulin protein expression 

Wholemount immunohistochemistry and confocal fluorescence microscopy was 

applied to endometrial tissue biopsies, so as to investigate the association between β-

tubulin in endometrial gland cilia and recurrent pregnancy loss and subfertility. 

The proportion of cilia positive for TUBB5 protein, showed a decreasing trend in 

endometrial glands from women with recurrent pregnancy loss (n = 15) compared to 

controls (n = 9, p = 0.08, Figure 5.5A). Representative images of positive and absent TUBB5 

ciliary staining inside endometrial glands (Figure 5.6, Video 5.1: 

https://youtu.be/3yWLBziNG6U, Video 5.2: https://youtu.be/lqhPW6uTmQs). Participants 

with a history of more than four prior miscarriages (n = 3) had a significant decrease in the 

proportion of cilia with positive TUBB5 expression compared to controls (n = 9, p = 0.02, 

Figure 5.5B). The proportion of β-tubulin expression in the endometrial glands of women 

with recurrent pregnancy loss showed a decreasing trend with menstrual cycle day for the 

general β-tubulin antibody (Figure 5.5C) and a bimodal population for TUBB5 antibody 

(Figure 5.5D). There was no association between the proportion of β-tubulin and cycle day, 

however the cycle length of non-control participants demonstrated a greater spread 

(Figure 5.5E and F).  

In endometrial tissue where less β-tubulin staining was observed, β-tubulin staining 

was still present on the luminal epithelium (Figure 5.7). Paired whole endometrial tissue 

and isolated endometrial gland lysate were analysed by Western blotting. This 

demonstrated positive staining for the general β-tubulin antibody (clone 2-28-33, Sigma 

Aldrich SAB4200715) of unknown isoform specificity, and the specific mouse anti-human 

TUBB5 antibody (clone AA2, Abcam ab231082) marked ciliated cells positive for β-tubulin 

in whole endometrium and isolated endometrial glands. Further work is required to make 

study group comparisons. Western blotting optimisation, including the establishment of 

positive and negative controls, lysate extraction medium comparison and antibody 

dilutions are summarised in Appendix D.  

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2F3yWLBziNG6U&data=01%7C01%7Cjepf1g12%40soton.ac.uk%7C4066fcf8da7d44e1331408d815cd59eb%7C4a5378f929f44d3ebe89669d03ada9d8%7C0&sdata=3Ri49fqjaWdg4XTuPFoSQuxe1ZgXIOW54gsDTI%2FjIA0%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2FlqhPW6uTmQs&data=01%7C01%7Cjepf1g12%40soton.ac.uk%7C4066fcf8da7d44e1331408d815cd59eb%7C4a5378f929f44d3ebe89669d03ada9d8%7C0&sdata=EHagO21gclJUipf4FymT6%2F%2FPxuAOXwEf01CBtQV1%2FYQ%3D&reserved=0
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Figure 5.5 Decreasing trends in beta-tubulin protein expression in endometrial gland portions 

between controls and women with recurrent pregnancy loss (RPL). Two beta-tubulin 

antibodies used, a TUBB5 antibody and a general TUBB antibody. A) The percentage of cilia 

positive for beta-tubulin and B) RPL group sub-divided by the number of miscarriages, data 

presented as the mean * p ≤ 0.05 indicates RPL different from control. C) The percentage of 

cilia with positive staining for general beta-tubulin antibody by menstrual cycle day and D) 

the percentage of cilia with positive staining for TUBB5 antibody by menstrual cycle day. E) 

The percentage of cilia with positive staining for general beta-tubulin antibody by cycle length 

and F) the percentage of cilia with positive staining for TUBB5 antibody by cycle length, all 

participants with irregular cycles are not included.  
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Figure 5.6 Representative images of positive or absent TUBB5 staining of glandular ciliated epithelial cells. A) Positive control nasal brushing 

ciliated epithelial cells (white arrow), cilia (green) and DAPI nuclei staining (blue). B C and D) Positive TUBB5 staining, DAPI nuclei staining 

(red), glandular ciliated epithelial cell (white arrow) cilia identified by the radial spoke head 4 homolog A (RSPH4A, white) and positive TUBB5 

staining (green). E) A higher magnification image of ciliated epithelial cell with positive TUBB5 staining (green) and radial spoke head protein 

(white). F G and H) Absent TUBB5 staining from cilia. 
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Figure 5.7 Representative images of the luminal epithelium positive for beta-tubulin TUBB5 (green), compared to endometrial gland cilia 

(white) negative for beta-tubulin TUBB5. Provisional western blot of paired endometrium and isolated endometrial glands, of general beta-

tubulin antibody (50 kDa) and TUBB5 (49 kDa). Loading control beta-actin (45 kDa). 
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Β-tubulin gene expression 

The RNA sequencing data was used to identify β-tubulin genes present in 

endometrial glands during the implantation window of the menstrual cycle. When 

comparing the gene expression of nine known β-tubulin genes, TUBB5 and TUBB4B were 

the two highest expressed β-tubulin genes in endometrial glands (Figure 5.8). There was 

no difference observed in endometrial gland β-tubulin gene expression between women 

with recurrent pregnancy loss and controls (Figure 5.8). 

qPCR was carried out to compare β-tubulin gene expression and β-tubulin gene 

transcript variants expression in endometrial glands from women with recurrent pregnancy 

loss compared to controls. TUBB5 has 6 known transcript variants, where TUBB5V4 was 

investigated. TUBB5V4 mRNA expression was significantly increased in endometrial glands 

from women with recurrent pregnancy loss (n = 9) compared to controls (n = 5, p = 0.03, 

Figure 5.9) There was no significant alteration in TUBB4B and TUBB1 mRNA expression in 

endometrial glands from women with recurrent pregnancy loss compared to controls. 

These results, however, confirm these β-tubulin isoforms are present inside endometrial 

glands. There was no association between the relative mRNA expression of TUBB5V4, 

TUBB1 and TUBB4B and menstrual cycle day (Figure 5.10). There was also no association 

between the relative mRNA expression of TUBB5V4 and TUBB1 and cycle length, however 

there was a decreasing trend between the relative mRNA expression of TUBB4B and cycle 

length (Figure 5.10). 
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Figure 5.8 Targeted analysis of beta-tubulin gene expression in endometrial glands. 

No differences were observed between control and recurrent pregnancy loss (RPL). 

RNA-seq data presented as log base 2 normalised gene expression. 
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Figure 5.9 Relative mRNA expression of beta-tubulin genes A) TUBB5V4, B) TUBB1 and 

C) TUBB4B in endometrial gland samples from control and recurrent pregnancy loss 

(RPL) participants. Lines indicate the mean of each group, * p ≤ 0.05 indicates a 

significant difference from control. 



Chapter 5 Gland beta-tubulin 

171 

 

 

16 18 20 22 24 26 28
0.00

0.05

0.10

0.15

Menstrual cycle day

Re
la

tiv
e 

m
RN

A 
Ex

pr
es

sio
n

16 18 20 22 24 26 28
0.0

0.1

0.2

0.3

0.4

0.5

Menstrual cycle day

Re
la

tiv
e 

m
RN

A 
Ex

pr
es

sio
n

RPL

controls

16 18 20 22 24 26 28
0.0

0.1

0.2

0.3

0.4

0.5

Menstrual cycle day

Re
la

tiv
e 

m
RN

A 
Ex

pr
es

sio
n

A B C

24 26 28 30 32
0.00

0.05

0.10

0.15

Cycle length

Re
la

tiv
e 

m
RN

A 
Ex

pr
es

sio
n

24 26 28 30 32
0.0

0.1

0.2

0.3

0.4

0.5

Cycle length
Re

la
tiv

e 
m

RN
A 

Ex
pr

es
sio

n

24 26 28 30 32
0.0

0.1

0.2

0.3

0.4

0.5

Cycle length

Re
la

tiv
e 

m
RN

A 
Ex

pr
es

sio
n

D E F

 

Figure 5.10 No associations were observed between relative mRNA expression of glandular ciliated epithelial TUBB54V and TUBB1 and 

menstrual cycle characteristics between controls and women with recurrent pregnancy loss (RPL). A and D) TUBB5V4, B and E) TUBB1. C) No 

association between relative mRNA expression of TUBB4B and menstrual cycle day. F) A decreasing trend between the relative mRNA 

expression of TUBB4B and cycle length. 
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 Discussion 

This chapter has described the gene expression profile of the glandular epithelium 

from controls and women with recurrent pregnancy loss during the window of 

implantation (LH + 7 - 10 days). Glandular ciliated epithelial cell β-tubulin isoform 

enrichment was established and shown to be altered in women with recurrent pregnancy 

loss.  

Endometrial gland transcriptome in recurrent pregnancy loss 

This study has established a differential gene expression profile of isolated 

endometrial glands from women with recurrent pregnancy loss compared to controls. 

Freshly isolating endometrial glands allowed the glandular epithelium to be investigated 

separately from the luminal epithelium, therefore overcoming previous study limitations 

of FACS sorting the endometrium into the total epithelial cells and total stromal cells 

(Krjutškov et al., 2016). 

The differentially expressed genes identified in our study show similarities to genes 

identified in the receptive endometrium compared to the non-receptive endometrium. 

However there are no similarities between our study and previous microarray studies 

comparing whole endometrium between recurrent pregnancy loss and fertile controls 

(Othman et al., 2012). This could be that glandular epithelium gene expression changes 

could have been obscured by other endometrial cell types. Stromal specific upregulated 

genes, APOD, CFD, C1R and DKK1, were present in our endometrial gland RNA sequencing 

data set. These genes, however are highly expressed in the epithelium as well (Altmäe et 

al., 2017).  

Our study identified that DPP4 and LAMB3 are upregulated in the glandular 

epithelium of women with recurrent pregnancy loss. These findings align with previous 

studies reporting that DPP4 and LAMB3 are upregulated in epithelial cells rather than the 

stromal cells (Altmäe et al., 2017). DPP4 and LAMB3 were also on the gene panel of the 

endometrial receptivity array (Díaz-Gimeno et al., 2010). Comparison to previous studies 

suggests these genes are associated with a receptive endometrium. Our study, however, 
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focuses on endometrial glands, providing a more accurate account of where gene 

expression changes are occurring. 

DPP4 has previously been associated with one of four endometrial epithelial cell 

subsets identified in control endometrium who were awaiting IVF procedures with good 

prognosis (Lucas et al., 2020). An increase in DPP4 gene expression in endometrial glands 

from women with recurrent pregnancy loss could be due to an increase or proportional 

change in endometrial epithelial cell subtypes. Endometrial glands could have a higher 

proportion of the epithelial cell subtype enriched in DPP4 than the luminal epithelium. 

Droplet generating single cell sequencing (Drop-seq) could be performed on isolated 

endometrial glands, comparing the glandular epithelium from women with recurrent 

pregnancy loss and controls. This would help establish if the proportion of epithelial cell 

types was altered in the glandular epithelium of recurrent pregnancy loss. Again this would 

give locational information, and demonstrate where gene expression changes are occurring 

compared to performing Drop-seq on whole endometrium. 

In our study, the upregulation of DPP4 and WNT7B in the glandular epithelium of 

women with recurrent pregnancy loss were associated with epithelial cell migration and 

endocytic vesicles. Exosomes may fuse with the plasma membrane of the target cell or they 

may be endocytosed. Previous research has associated DPP4 and LAMB3 proteins with 

exosomes (Altmäe et al., 2017). This could suggest increased production of exosomes 

during the window of implantation in women with recurrent pregnancy loss. This study 

observed a down regulation of ANXA3 in the glandular epithelium from women with 

recurrent pregnancy loss. Down regulation of ANXA3 could impact on epithelial function 

by altered cellular signal transduction. Other annexin family members identified in the mid-

secretory endometrium, ANXA2 and ANXA4, are associated with exosomes and 

upregulated in epithelial cell types during mid-secretory phase endometrium in healthy 

women (Altmäe et al., 2017). To investigate if DPP4, WNT7B and ANXA3 are differentially 

expressed in glandular exosomes or other extracellular vesicles, endometrial gland 

extracellular vesicles could be extracted from glands by aspirating the fluid from the 

glandular lumen by microinjection. 
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The Wnt/β-catenin pathway has been reported to facilitate endometrial gland 

formation. WNT7B upregulation observed in our study could be an overcompensation for 

impaired glandular function, as a depletion of β-catenin has been associated to fertility 

defects in mice (Jeong et al., 2009). Altered gene expression in the Wnt signalling pathway 

may also influence glandular ciliated epithelial cell ion signalling and cilia beat function 

(Sreekumar & Norris, 2019; Wheway et al., 2018). 

TGFB2 is associated with hormone response cell secretion regulation and epithelial 

migration. Endometrial hormonal profiles regulate the menstrual cycle and ovulation, 

defining the start of the luteal phase. Changes to hormonal responses by the glandular 

epithelium such as progesterone receptors could be influenced by an increase in TGFB2 

expression (Snijders et al., 1992). This could be one factor that accounts for cycle length 

variation seen in the RNA-sequencing data. The genotype TGFB1 has previously been 

associated with recurrent pregnancy loss (Magdoud et al., 2013). 

Our study provides, for the first time, a gene expression profile of the endometrial 

gland epithelium from controls and women with recurrent pregnancy loss. This work takes 

the first steps to identifying a gene expression profile of the glandular epithelium separate 

from the luminal epithelium. qPCR could be performed to validate the list of differentially 

expressed genes. To relate gene expression changes to endometrial gland 3D structural 

changes, proteins could be quantified by the 3D imaging methods described in this chapter.  

Endometrial gland β-tubulin in recurrent pregnancy loss and subfertility 

Our study demonstrates β-tubulin gene enrichment in glandular ciliated epithelial 

cells. Glandular ciliated epithelial cells have a preference for TUBB5 and TUBB4B isoforms, 

both of which are associated with motile cilia beat function (Vent et al., 2005). Imaging of 

endometrial tissue pieces confirmed glandular β-tubulin was localised to ciliated epithelial 

cells. However, glandular ciliated epithelial cells β-tubulin isoform enrichment would have 

also taken into account other cellular compartments such as mitotic spindles for DNA 

segregation. General β-tubulin protein expression reflected the RNA-sequencing data 

showing no change between clinical groups. However when individual β-tubulin isoforms 

and gene transcript variants were investigated, differences were observed in endometrial 
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glands from women with recurrent pregnancy loss glands on a gene expression level and a 

protein expression level.  

In our study, not all cases of recurrent pregnancy loss demonstrate increased 

TUBB5V4 expression, and decreased TUBB5 protein expression. One suggestion is that 

different β-tubulin isoforms were present in the ciliary microtubule lattice and therefore 

not detected. This suggests that recurrent pregnancy loss could be associated with a 

different proportion of β-tubulin isoforms compared to egg donor controls, associated with 

an altered β-tubulin enrichment (Girotra et al., 2017). Alternatively, β-tubulin isoforms in 

the glandular epithelium from women with recurrent pregnancy loss could be more or less 

prone to post translational modifications preventing the antibody from binding to the β-

tubulin epitope (Kubo et al., 2010; Vent et al., 2005). 

In our study decreased TUBB5 protein expression was not observed on the luminal 

ciliated epithelial cells. This suggests that the luminal epithelial ciliated cells and glandular 

ciliated epithelial cells could have different β-tubulin enrichments or they are more or less 

prone to post-translational modifications. A lack of tubulin post-translational modifications 

have been associated with an altered ciliary beat (Kubo et al., 2010), which could have a 

direct impact upon the movement of glandular products. This is supported by altered 

glandular secretions in recurrent pregnancy loss (Dalton et al., 1998; Mikołajczyk, et al., 

2003). Western blotting analysis of isolated glandular epithelium protein could be 

performed to identify which β-tubulin isoforms are present from women with recurrent 

pregnancy loss compared to controls. Antibody probes raised specifically to post-

translational proteins such as glutamylases could also be applied to isolated endometrial 

gland protein lysates (Pathak et al., 2011). Methods to perform Western blotting on 

isolated endometrial gland lysate have been established in this thesis. 

Other ciliopathies are prone to a set of gene mutations which alter the spliceosome 

machinery dictating mRNA transcripts understood to differ between tissue types (Wheway 

et al., 2015). Differential expression of β-tubulin gene transcripts may be due to mutations 

to spliceosome machinery causing changes in alternative splicing in recurrent pregnancy 

loss. Alternatively, placenta from women with recurrent pregnancy loss has been 
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associated with downregulation of genes involves in the spliceosome (Sõber et al., 2016). 

Changes to spliceosome gene expression could be pre-established in the decidualised 

endometrium. Performing a transcript differential expression analysis on β-tubulin 

between glandular epithelium in recurrent pregnancy loss compared to controls will help 

identify how β-tubulin isoforms are changing in recurrent pregnancy loss. RNA immuno-

precipitation experiments could also be performed on the glandular epithelium to identify 

RNAs associated with spliceosome proteins. RNA identified could then be quantified by 

RNA sequencing or qPCR (Wu et al., 2020). 

Altered tubulin function could be the primary cause of ciliary dysfunction. It might be 

expected however that people with reduced ciliary function to also experience the 

symptoms of PCD, however this is not observed. Environmental factors impacting on ciliary 

function may not be present in the airways, and the airways do not undergo cyclic and 

receptivity changes like that of the endometrium. Pairing these samples with live cilia beat 

analysis will also allow an association to be made between glandular ciliated epithelial β-

tubulin and glandular ciliated epithelial beating. Progress in this work would establish 

biomarkers that predispose recurrent pregnancy loss or potential therapeutic targets. 

 Limitations 

There were limitations to what could be achieved in this study, due to the same 

clinical sample restraints described in chapter 3 and chapter 4. For this study, egg donor 

control and recurrent pregnancy loss paired samples were matched for RNA-sequencing by 

the day of the menstrual cycle. The day of the menstrual cycle was self-reported, therefore 

would have been less accurate than if the LH surge was timed by using ovulation sticks. The 

window of implantation is typically considered to be LH +7 - 10 but because of sample 

availability this study used samples from LH + 4 - 10. The results in this study were not 

changed if samples from only the standard implantation window were considered (LH + 7 

– 10). 

The R package DESeq2 is a differential expression analysis based on the negative 

binomial modal. DESeq2 demonstrated a high dispersion variability for low and high gene 



Chapter 5 Gland beta-tubulin 

177 

 

counts and high within group variability. This could be due to the small sample size or the 

outlier cut off point dictated by the model. qPCR experiments could be performed to 

validate differentially expressed genes and gene targets associated with an underlying 

biology.  

This study identified which β-tubulin genes were expressed in the glandular 

epithelium by RNA-sequencing, however it did not identify all β-tubulin isoforms that were 

expressed at a protein level. Antibodies raised specifically to other β-tubulin isoforms could 

be applied to gland portions as described in this study to quantify the protein expression 

of all β-tubulin isoforms. Alternatively, proteomics could be carried out on the glandular 

epithelium.  

This study did not identify if glandular cilia β-tubulin isoforms are associated with 

post-translational modifications. Post translational modifications could be identified using 

proteomics or alternatively Western blotting could be performed on glandular epithelial 

lysate with antibodies raised to post-translational modification proteins.  

 Future work 

Future work aims to investigate other TUBB5 gene transcript variants by qPCR and 

immunohistochemistry analysis, to decipher their contribution towards overall TUBB5 gene 

expression, and subsequent β-tubulin isoform enrichment. The results of which can be 

correlated to cilia function, by the recording of cilia beat function in freshly prepared 

samples. 

RNA sequencing could be carried out on a cellular level by droplet generation single cell 

RNA sequencing. Sequencing isolated endometrial glands by single cell sequencing will 

allow glandular sub cell signatures to be established, and how this is changing in 

endometrial glands from women with recurrent pregnancy loss and subfertility. Glandular 

cell signatures, β-tubulin isoform enrichment, 3D image analysis and live cell imaging 

together will allow us to determine how molecular changes relate to the 3D glandular 

epithelium and cilia beat function.  
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 Conclusion 

This study has paired 3D image analysis of endometrial gland portions with RNA 

sequencing and targeted qPCR to investigate glandular ciliated epithelial β-tubulin. 

Uncovering changes to the glandular epithelium only, alternatively to all endometrial 

epithelium, provides a more targeted data set which can be related to glandular function. 

These findings demonstrate for this first time that changes to mRNA expression and semi-

quantitate protein expression of TUBB5 in the glandular ciliated epithelium may associate 

with recurrent pregnancy loss. A paired 3D imaging and differential gene expression 

analysis can be applied to other β-tubulin isoforms to build a picture of all β-tubulins 
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The underlying causes of recurrent pregnancy loss are not fully understood. 

Endometrial gland structure and function during the window of implantation have been 

associated with recurrent pregnancy loss and infertility, however limitations in 2D imaging 

have meant endometrial structures have been under-represented.  

Using a stepwise multi-modal and multi-scale approach, I have shown that 3D 

quantitative image analysis can be applied to glandular structures from a tissue level down 

to glandular sub-cellular components. I have characterised glandular 3D structures and 

identified a glandular gene expression pattern that would have otherwise been obscured 

by other endometrial cell types. Combining 3D imaging of endometrial glands with their 

cilia beat function provides a 4-dimensional approach. In this chapter, I will summarise my 

findings and discuss the implications pertaining to future work. 

 Endometrial 3D architecture in health and disease 

By quantifying the endometrial architecture in 3D I have provided a new, informative 

perspective on stromal-epithelial spatial relationships in pieces of endometrial tissue. Two 

key findings of chapter 3 were clustered uNK cells and stromal cells and an altered spatial 

relationship between uNK cells and endometrial glands in the endometrium from women 

with recurrent pregnancy loss endometrium compared to  controls. Analysing endometrial 

tissue volumes provides a more representative uNK cell measurement compared to 2D 

tissue sectioning. This study does not only demonstrate it is possible to quantify 3D spatial 

relationships between endometrial stroma and epithelial cells but reinforces an increase in 

uNK cell density in recurrent pregnancy loss endometrium reported in previous studies 

(Chen et al., 2017; Kuon et al., 2017; Quenby et al., 1999). 

The 3D spatial arrangements of uNK cells and stromal cells provides insight into the 

underlying biology. An increased uNK cell density and clustering in recurrent pregnancy loss 

endometrium may be associated with uNK cell clearance of heightened senescent 

decidualised cells, regulating endometrial homeostasis during the window of implantation 

(Brighton et al., 2017; Lucas et al., 2020). Alternatively, altered 3D spatial cell arrangements 

in recurrent pregnancy loss endometrium could be associated with an altered signal 
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propagation from the decidualised stroma essential to tissue remodelling and the 

activation of uNK cells (Faridi & Agrawal, 2011). 

For the first time, this thesis quantifies endometrial stromal cell to glandular 3D 

spatial relationships, however further work is required to understand stromal – epithelial 

function. This could be performed by investigating other endometrial cell types such as 

macrophages, dendritic cells and T-cells. uNK cell subpopulations are characterised by 

different KIR receptor regions. The bi-modal recurrent pregnancy loss population observed 

in the stromal-epithelial spatial relationships could be due to changes in uNK subtypes 

characterised by different KIR receptor regions. This could be investigated further by 

performing the spatial relationship methodology applied in this thesis on antibodies raised 

to specific uNK subtypes. Different uNK cell subtypes could differentially impact on uNK KIR 

receptor to trophoblast HLA interactions during embryo implantation (Faridi & Agrawal, 

2011). 

Manual labelling of uNK cell and stromal cell nuclei in endometrial tissue volumes 

was a time-consuming process. Fast and accurate automated image segmentation with 

machine learning techniques coupled with artificial intelligence could help prepare samples 

for 3D image analysis (Lewis and Pearson Farr 2020). The resolution used in this study was 

a compromise between cellular detail and tissue volume. If these methods were to be 

repeated on other endometrial cell types more advanced lightsheet microscopy could be 

used which images large tissue volumes while maintaining high cellular resolution (L. A. Chu 

et al., 2019). If automated endometrial stromal-epithelial spatial relationship analysis could 

be achieved, these methods could be adopted clinically and incorporated into routine uNK 

clinical measurements and thus modernise endometrial dating (Liu et al., 2014; Chiokadze 

et al., 2019).  

By quantifying 3D endometrial architecture and stromal-epithelial spatial 

relationships, I have not only highlighted a spatial arrangement for endometrial cell types 

but also shown that these spatial arrangements change in recurrent pregnancy loss 

endometrium. This has implications for clinical biopsy testing and endometrial dating.  
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 Endometrial gland 3D architecture in health and disease 

By applying a multi-modal 3D imaging approach to endometrial gland cell types, I 

have characterised glandular ciliated epithelium structure and function. Two key findings 

of chapter 4 were beat function of glandular ciliated epithelial cells and the production of 

microvesicles on microvillus tips. These findings highlight the potential of 3D imaging in 

studying and quantifying complete endometrial structures. SBFSEM microscopy and 3D 

reconstruction contain large datasets which were time consuming to analyse. I used semi-

automated segmentation methods to help speed up this process, which could be 

developed further to include artificial intelligence processes (Lewis and Pearson Farr 2020). 

For the first time, I used live imaging approaches of freshly isolated endometrial 

glands to study glandular ciliated epithelial cell function. Although live cell preparations are 

short lived, this approach provided a more physiologically representative model for 

studying the function of glandular ciliated epithelial cells compared to current organoid 

culture models (Turco et al., 2017). A limitation of live imaging freshly isolated endometrial 

gland portions however, is that they cannot be orientated to the luminal surface. Live 

imaging ciliated epithelial cells form current diagnostic approaches in respiratory 

ciliopathies such as PCD. Following further investigation with larger sample numbers this 

quick technique has the potential to be a clinical tool providing fast results for the patient. 

Future research can pair live cilia beating with 2D and 3D ultrastructural analysis, providing 

a multi-modal 4-dimensional approach to studying endometrial glands.  

The observation made that microvesicles are formed on the tips of glandular 

epithelial microvilli identifies one mechanism by which microvesicles are produced in the 

uterus. This is a novel form of microvesicle production which has only been observed 

previously on placental microvilli (personal communication, Rohan Lewis). Microvesicles 

found in the uterus of health women (Simon et al., 2018) could be an ad hoc mixture of 

glandular and luminal epithelial origin. Endometrial gland microvesicles and protein 

secretions are understood to target an implanting trophoblast (O’Neil et al., 2020). These 

microvesicles may be part of the signalling pathway for the embryo and the luminal 
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epithelium to facilitate the creation of the optimal endometrial environment for successful 

implantation and pregnancy development. 

It is unclear regarding the fate of the microvesicles observed, and their transport 

from the endometrial gland to the endometrial surface. Although my observation of cilia 

within the gland described in this thesis suggests that the movement of microvesicle is 

likely to be cilia-facilitated, the role of synchronous versus nonsynchronous cilia beating 

pattern still needs to be determined. One possible hypothesis is that the beating cilia 

creates a fluid circulation, and serves to equilibrate glandular contents, and where 

necessary, the outward transport of microvesicles and other glandular products. Impaired 

synchronicity in cilia beat may result in an abnormal uterine environment for an implanting 

embryo or may disrupt signal transduction by way of hindered microvesicle transport 

(summarised in Figure 6.1). This theory is supported in part by the observed reduction in 

glandular secretions of MUC-1, LIF and Glycodelin, in the uterine flushing’s of women with 

recurrent pregnancy loss (Dalton et al., 1998; Mikołajczyk, et al., 2003). 

The simultaneous presence of cell types specialising in secretory and absorption 

functions within the endometrial glands is an interesting observation. It is plausible that 

the proportion of glandular microvillus and ciliated cells vary depending on the stage of the 

menstrual cycle, reflecting endometrial receptivity. Performing 3D imaging and the spatial 

relationship analysis methods I describe in chapter 3 on different glandular cell types during 

the window of implantation may help to determine the relationship between ciliated and 

microvillus glandular cell types. 

Using 3D imaging, I described the observation that microvesicles are formed on the 

apical aspects of the glandular epithelial microvilli, in addition to demonstrating 

nonsynchronous cilia beat within the glandular ciliated epithelial cells during the window 

of implantation. These findings may have implications on how the endometrial glands 

create a favourable environment for an implanting embryo. 
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Figure 6.1 Proposed implications of thesis findings. A) Normal glandular ciliated epithelial cells, the cilia beats effectively to maintain a homeostatic fluid 

circulation of glandular secretions and microvesicles, promoting a favourable environment for embryo implantation. The cilia axoneme is made up of 

different beta-tubulin isoforms (blue and red). One beta-tubulin isoform is more prone to post translational modifications (black line). B) In the perturbed 

glandular ciliated epithelial cells, the cilia beat mechanics are altered resulting in a potential non-favourable environment for embryo implantation. Cilia 

axoneme β-tubulin isoform proportions may be altered, leading to more post translational modifications known to impair cilia function. 
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  Endometrial gland transcriptome in recurrent pregnancy loss 

Previously, I have focused on novel 3D architectural findings of the endometrium and 

endometrial glands during the window of implantation. By isolating endometrial glands 

from a fresh endometrial biopsy, I was also able to determine the glandular transcriptome 

in isolation from other endometrial cell types. By comparing the transcriptome of 

endometrial glands between control and recurrent pregnancy loss, I have made the first 

steps to identify a set of genes in the endometrial glands of women with recurrent 

pregnancy loss.  

Differentially expressed genes in the glandular epithelium from women with 

recurrent pregnancy loss were associated with cell secretion regulation and epithelial 

migration pathways. Changes to cell secretion and epithelial migration could have 

implications on the glandular function globally. For example, increased gene expression of 

cell secretion regulation could be an over compensation for reduction of glandular 

secretions seen in recurrent pregnancy loss groups (Dalton et al., 1998; Mikołajczyk, et al., 

2003). Alterations to genes in the Wnt/β-catenin pathway could alter glandular epithelium 

regeneration impairing glandular function, shown previously by fertility defects in β-

catenin mutant mice (Jeong et al., 2009). Finally ciliated epithelial cells are understood to 

sense environmental cues via ion signalling. Changes to ion signalling could impact on cilia 

beat function and in turn movement or mixing of glandular secretory products (Sreekumar 

& Norris, 2019). The extent to which glandular ciliated cells are impacted by their 

environment, stem cell epigenetics and gene mutations is not established and could be 

investigated in the future. 

Future studies could be performed on a larger sample size and validated by qPCR. 

Different glandular subtypes will have specific gene expression signatures relevant to their 

role. Droplet generation single-cell RNA sequencing could be performed on isolated 

endometrial glands as previously carried out on whole endometrium (Lucas et al., 2020). 

This would enable glandular cell signatures to be identified alone, unobscured by luminal 

epithelial cell types. Future work could also pair single cell RNA sequencing to targeted 3D 

image analysis in participant samples, to relate the relevant gene expression changes to 
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glandular cell type and location. Finally, alternation in cilia gene expression can also be 

related to glandular cilia beat function. 

By applying RNA sequencing to endometrial glands, I was able to determine the 

glandular transcriptome in isolation from other endometrial cell types. I also identified 

differentially expressed genes in endometrial glands from women with recurrent 

pregnancy loss associated with cell secretion and epithelial migration. Differentially 

expressed genes in the endometrial glands of women with recurrent pregnancy loss can 

further supplement the current literature on useful biomarkers in endometrial 

receptivity. 

 Glandular ciliated epithelial cell β-tubulin in recurrent pregnancy loss 

Previously, I have shown that my 3D imaging data characterises complete glandular 

ciliated epithelial cells, and I have shown that my glandular gene expression data identifies 

potential biomarker gene targets. In chapter 5, I combined quantitative 3D analysis with 

differential gene expression analysis of endometrial glands to investigate glandular ciliated 

epithelial β-tubulin and its association with recurrent pregnancy loss.  

Two key findings of chapter 5 were identifying β-tubulin gene enrichment in 

endometrial glands and reporting altered relative gene expression and protein expression 

of β-tubulin isoform TUBB5 in endometrial glands from women with recurrent pregnancy 

loss compared to controls. 

My work on β-tubulin gene enrichment identifies which β-tubulin isoforms are 

present in endometrial glands, highlighting possible mechanistic targets for future work. 

Post translational modifications of the tubulin C’ terminus tail of the heterogeneous family 

of β-tubulin isoforms could in turn influence the efficacy of ciliary beat mechanics and 

therefore a favourable environment for embryo implantation (summarised in Figure 6.1) 

(Kubo et al., 2010). Alternatively, the endometrium of women with recurrent pregnancy 

loss may favour alternative splicing of particular tubulin transcript variants (Wheway et al., 

2015). This may explain the increased gene expression of TUBB5 transcript variant 4 and 

the overall decrease in TUBB5 protein expression in recurrent pregnancy loss. The bi-modal 
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recurrent pregnancy loss population observed in β-tubulin gene expression and protein 

expression may also be a result of altered β-tubulin gene transcript variants. 

More work needs to be performed on β-tubulin isoforms and their gene transcript 

variants identified by β-tubulin enrichment to delineate the role of β-tubulin isoform on 

endometrial gland biology, and its possible pathophysiology in women with recurrent 

pregnancy loss. Collating the live analysis of cilia beat function with the gene expression 

and 3D architectural analysis of glandular cilia β-tubulin will undoubtedly provide 

significant insight not only into the pathophysiology but also into the potential therapeutics 

of recurrent pregnancy loss.  

Glandular ciliated epithelial cell β-tubulin is altered in recurrent pregnancy loss 

endometrium at the protein and the gene expression level. Future work to identify the 

associative β-tubulin isoforms and transcript variants in recurrent pregnancy loss 

phenotype is now needed. 

 Linking physiological understanding to clinical implication and future 

direction 

Environmental influences  

The variation in results in this thesis in women with recurrent pregnancy loss leads to 

questions regarding a woman’s environment, and if this had an influence on endometrial 

gland architecture and function. Cilia function in the airways has been demonstrated to be 

regulated by environmental factors such as air pollution and smoking (Cao et al., 2020; Shah 

et al., 2009). Long term air pollution or obesity could impact on the menstrual cycle and 

therefore gland function. Future work could perform an additional data analysis to 

associate endometrial gland structure and function with clinical characteristics, such as BMI 

and smoking status, to determine if there are any correlations.  

Translating uNK spatial relationships into standardised uNK measurements  

My findings in chapter 3 highlight that the spatial distribution of stromal cells may 

not be uniform and could relate to endometrial gland distribution. Endometrial 3D 

architecture could help clinical endometrial biopsy sampling and 2D tissue sectioning 
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analysis by overcoming limitations of endometrial tissue sectioning. Applying 3D spatial 

relationship analysis to larger tissue volumes or a higher number of replicate tissue volumes 

per participant could be more representative of the endometrium as a whole and reflect 

different regions of the endometrium. These could include stroma cells close to the luminal 

surface and stroma cells close to the endometrial glands. Advanced lightsheet microscopy 

allows larger tissue volumes to be imaged while maintaining cellular resolution (L. A. Chu 

et al., 2019). Progress in this area could be applied to endometrial dating and standardising 

uNK cell results between clinical centres (Chiokadze and Kristesashvili 2019).  

Glandular ciliated epithelial cell function 

In this thesis, I have established a pipeline to isolate and assess cilia beat function 

inside intact endometrial gland portions, within 3.5 h of endometrial biopsy collection. 

Analysing glandular ciliated epithelial cells by high-speed video could be a quick method of 

testing cilia beat function in a clinical setting. High-speed video is already used in the clinical 

diagnostics of PCD (Lucas et al., 2017). To develop this work further, high-speed video 

analysis could first be performed on a larger number of isolated endometrial gland samples 

and compared between egg donor controls, recurrent pregnancy loss and recurrent 

implantation failure. Parameters that could be quantified include the average cilia beat 

frequency and the number of motile cilia in the gland portion. These results would help us 

understand if there is an association between cilia beat function, recurrent implantation 

failure and recurrent pregnancy loss. 

Further work could also investigate glandular ciliated epithelial cell beat 

synchronicity. Fluorescent beads could be introduced to isolated endometrial glands and 

detected under the confocal laser scanning microscope to detect the directional movement 

of glandular products. Alternatively, fluorescent beads could be attached to the tips of cilia 

and detected via the confocal microscope to determine cilia beat coordination within one 

multi-ciliated cell and between multiple multi-ciliated cells in a gland portion (Katoh et al., 

2018). Performing these experiments could not only provide insight into glandular ciliated 

epithelial cell beat mechanics, but also take steps to designing a potential diagnostic tool 

that could analyse endometrial cilia beat coordination, not just inside the endometrial 

glands but also on luminal ciliated epithelial cells. 
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Glandular biomarkers of a receptive endometrium 

Differential gene expression patterns of isolated endometrial glands joint with 

altered glandular 3D architectural findings may provide biomarkers of a receptive 

endometrium during the window of implantation that predispose recurrent pregnancy loss. 

My findings in chapter 5 demonstrate that β-tubulin isoform TUBB5 gene and protein 

expression are altered in endometrial glands from women with recurrent pregnancy loss. 

Future work could apply these methods to other β-tubulin isoforms and their respective 

transcript variants to understand how all β-tubulin isoforms are functioning in endometrial 

glands. However these methods do not target glandular ciliated epithelial cells. The 

axoneme could be isolated from ciliated cells and analysed by mass spectrometry to 

identify which β-tubulin isoforms are present (Blackburn et al., 2017). A more targeted 

approach to investigating β-tubulin isoforms in glandular ciliated epithelial cells would 

confirm the changes to β-tubulin observed in clinical groups are of cilia origin. 

From the glandular epithelium to the luminal epithelium 

In this thesis, I have applied multi-modal 3D imaging alone and in combination with 

RNA sequencing and targeted qPCR to establish the structure, function and gene 

expression profile of endometrial glands during the window of implantation. These findings 

provide more representative results of endometrial glands as they are not obscured by 

luminal epithelial cells. Future work could apply the techniques describe in this thesis to 

the luminal epithelium. This would allow both structural and functional comparisons to be 

made between the glandular and luminal epithelium during the window of implantation, 

when the endometrium is potentially receptive to an implanting blastocyst. 

Droplet generation single cell RNA sequencing could also be carried out to identify 

gene signatures for glandular and luminal subtypes. Performing gene expression analysis 

on a single cell level will provide context to epithelial subtypes and generate insight into 

their contribution to the endometrial phenotype as a whole, both in healthy endometrium 

and in recurrent pregnancy loss. 
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 Summary 

In summary, the aims of this thesis were addressed by investigating the association 

between glandular structure and function and recurrent pregnancy loss during the window 

of implantation using a multi-scale approach. My findings suggest that the 3D spatial 

relationship between stromal cells and endometrial glands was altered in recurrent 

pregnancy loss endometrium. Complete 3D glandular ciliated cells were constructed and 

quantified in a control cohort. A differential gene expression profile was determined in 

recurrent pregnancy loss endometrial glands. Finally, β-tubulin expression was altered in 

recurrent pregnancy loss glandular epithelium on both a gene level and a protein level. My 

stepwise multi-scale and multi-modal 3D imaging approach have identified that glandular 

ciliated cell can be impaired; such findings cannot be observe with the traditional 2D 

diagnostic techniques. The endometrium with perturbed glandular ciliated cells may be 

non-conducive to embryo implantation and development (summarised in Figure 6.1). This 

work proposes new avenues for future diagnostics and therapeutics
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Appendix A Image analysis details 

Fiji Image J macro batch processing cell count and cell-cell distances: 

dirIn = getDirectory("Choose the folder with the 3D stacks"); 

dirOut = getDirectory("Select a folder for the distance txt files"); 

list = getFileList(dirIn); 

Array.sort(list); 

setBatchMode(true); 

for(i=0; i<list.length; i++){ 

 open(dirIn+list[i]); 

 Title = getTitle(); 

 stackName = File.nameWithoutExtension; 

 selectWindow(Title); 

 run("Properties...", "channels=1 slices=47 frames=1 unit=pixel pixel_width=0.24 
pixel_height=0.24 voxel_depth=1.807 global"); 

 run("3D Manager"); 

 Ext.Manager3D_Segment(1, 255); 

 Ext.Manager3D_AddImage(); 

 Ext.Manager3D_Distance(); 

 Ext.Manager3D_SaveResult("D", dirOut + stackName + "_distance.csv"); 

 Ext.Manager3D_SelectAll(); 

 Ext.Manager3D_Delete(); 

 run("Close All"); 

} 

 exit("END OF MACRO");  



Appendix A 

192 

 

Fiji Image J macro batch processing cell clustering: 

dirIn = getDirectory("Choose the folder with the 3D stacks"); 
dirOut = getDirectory("Select a folder for the SDI log files"); 
list = getFileList(dirIn); 
Array.sort(list); 
setBatchMode(true); 
for(i=0; i<list.length; i++){ 
 open(dirIn+list[i]); 
 Title = getTitle(); 
 stackName = File.nameWithoutExtension; 
 selectWindow(Title); 
 run("Duplicate...", "duplicate"); 
 makeRectangle(10, 4, 1002, 1010); 
 setForegroundColor(223, 0, 0); 
 run("Fill", "stack"); 
 selectWindow(Title); 
 run("Restore Selection"); 
 run("Spatial Analysis 2D/3D", "g nb_points=10000 samples=100 

distance=0.000 error=5 spots=sample mask=sample multithread=10 
draw_color=Red show save"); 

 selectWindow("Log"); 
 saveAs("Text", dirOut + stackName + "_log.txt"); 
 close(); 
 close(); 
 close(); 
 selectWindow(Title); 
 close(); 
 close(); 
} 
 exit("END OF MACRO"); 
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Fiji Image J macro batch processing 3D distance mapping: 

dirIn = getDirectory("Choose the folder with the 3D stacks"); 

dirOut = getDirectory("Select a folder for the binary centroid stack"); 

list = getFileList(dirIn); 

Array.sort(list); 

setBatchMode(true); 

for(i=0; i<list.length; i++){ 

 open(dirIn+list[i]); 

 Title = getTitle(); 

 stackName = File.nameWithoutExtension; 

 run("8-bit"); 

 run("Multiply...", "value=255.000 stack"); 

 run("3D OC Options", "centroid dots_size=1 font_size=10 
store_results_within_a_table_named_after_the_image_(macro_friendly) 
redirect_to=none"); 

 run("3D Objects Counter", "threshold=128 slice=23 min.=1 max.=49283072 
centroids summary"); 

 selectWindow(Title); 

 close(); 

 selectWindow("Log"); 

 saveAs("Text", dirOut + stackName + "_log.txt"); 

 run("Close"); 

 saveAs("Tiff", dirOut + stackName + "_CentroidMap.tif"); 

 run("8-bit"); 

 setAutoThreshold("Default dark"); 

 //run("Threshold..."); 

 setThreshold(1, 255); 

 //setThreshold(1, 255); 

 setOption("BlackBackground", false); 

 run("Convert to Mask", "method=Default background=Dark"); 

 run("Invert LUT"); 

 run("Divide...", "value=255 stack"); 

 saveAs("Tiff", dirOut + stackName + "_CentroidMap_Binary.tif"); 

 close(); 

}exit("END OF MACRO");  
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Cilia isolation and quantification workflow in Avizo: 

1) Import binary stack (correct voxel size) 

2) Import grey scale stack (for reference) 

3) Reslice at a 45 degree angle 

4) Convert your image type to 8 bit label 

5) In segmentation tab double check your binary segmentation against your grey 

scale images, and check cilia are not joined 

6) Erosion module in the x/y plane 

7) Label analysis, select 3D parameters 

8) 2) label module convert image type to 8 bit unsigned  

9) Auto-skeleton module 

10) Spatial graph statistics module 

11) Spatial graph view 
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Appendix B RNA sequencing of endometrial glands 

 

 

Figure 6.2 Principle component analysis results of endometrial gland RNA sequencing 

dataset. A) Comparing recurrent pregnancy loss (rm) to egg donor controls and B) 

samples represented by their pairs matched by the day of the menstrual cycle. 
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Figure 6.3 Dispersion plot of normalised gene counts from RNA sequencing dataset of 

endometrial glands. 
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Appendix C  Pathway analysis 

Table 6.1 All pathways with altered gene expression in endometrial glands from 

women with recurrent pregnancy loss compared to egg donor controls. Data displayed 

as FDR B&H corrected q-value. 

Category Name q-value Gene(s) 

Molecular function protein homodimerization 
activity 0.0272 TGFB2,DPP4,UGT1A6,NTRK2,AOX1 

 geranial:oxygen 
oxidoreductase activity 0.0272 AOX1 

 heptaldehyde:oxygen 
oxidoreductase activity 0.0272 AOX1 

 retinal oxidase activity 0.0272 AOX1 

 calcium-dependent 
phospholipid binding 0.0272 SYT13,ANXA3 

 
oxidoreductase activity, 

acting on CH or CH2 groups, 
NAD or NADP as acceptor 

0.0272 AOX1 

 aldehyde oxidase activity 0.0272 AOX1 

 geranylgeranyl reductase 
activity 0.0272 AKR1B10 

 
brain-derived neurotrophic 
factor-activated receptor 

activity 
0.0272 NTRK2 

 
oxidoreductase activity, 

acting on the aldehyde or 
oxo group of donors, oxygen 

as acceptor 

0.0272 AOX1 

 xanthine dehydrogenase 
activity 0.0272 AOX1 

 indanol dehydrogenase 
activity 0.0331 AKR1B10 

 chemoattractant activity 
involved in axon guidance 0.0331 WNT7B 

 brain-derived neurotrophic 
factor binding 0.0331 NTRK2 

 type III transforming growth 
factor beta receptor binding 0.0331 TGFB2 

 allyl-alcohol dehydrogenase 
activity 0.0331 AKR1B10 

 exopeptidase activity 0.0331 DPP4,GGT3P 

 
hypoglycin A gamma-

glutamyl transpeptidase 
activity 

0.0331 GGT3P 

 leukotriene C4 gamma-
glutamyl transferase activity 0.0331 GGT3P 

 phospholipase A2 inhibitor 
activity 0.0331 ANXA3 

 peptidyltransferase activity 0.0331 GGT3P 

 ion channel regulator 
activity 0.0331 GEM,SGK2 
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 protein dimerization activity 0.0331 TGFB2,DPP4,UGT1A6,NTRK2,AOX1 

 molybdopterin cofactor 
binding 0.0374 AOX1 

 neurotrophin receptor 
activity 0.0419 NTRK2 

 channel regulator activity 0.0424 GEM,SGK2 

 retinal dehydrogenase 
activity 0.0424 AKR1B10 

 type II transforming growth 
factor beta receptor binding 0.0424 TGFB2 

 cation channel activity 0.0424 GEM,ANXA3,SGK2 

 glutathione hydrolase 
activity 0.0438 GGT3P 

 
oxidoreductase activity, 

acting on the aldehyde or 
oxo group of donors 

0.0438 AKR1B10,AOX1 

Biological Process regulation of extracellular 
matrix disassembly 0.05 TGFB2,DPP4 

 response to steroid 
hormone 0.05 TGFB2,ANXA3,NTRK2,WNT7B 

 apoptotic process involved 
in morphogenesis 0.05 TGFB2,WNT7B 

 response to lipid 0.05 TGFB2,ANXA3,NTRK2,WNT7B,GGT3P 

 regulation of extracellular 
matrix organization 0.05 TGFB2,DPP4 

 apoptotic process involved 
in development 0.05 TGFB2,WNT7B 

 regulation of cell adhesion 
mediated by integrin 0.05 TGFB2,DPP4 

 response to hormone 0.05 TGFB2,ANXA3,NTRK2,WNT7B,GGT3P 

 response to organic cyclic 
compound 0.05 TGFB2,ANXA3,NTRK2,WNT7B,GGT3P 

 
negative regulation of 

calcium ion transmembrane 
transport 

0.05 TGFB2,GEM 

 
positive regulation of 

activation-induced cell 
death of T cells 

0.05 TGFB2 

 substantia propria of cornea 
development 0.05 TGFB2 

 outer medullary collecting 
duct development 0.05 WNT7B 

 chemoattraction of 
dopaminergic neuron axon 0.05 WNT7B 

 cell adhesion mediated by 
integrin 0.05 TGFB2,DPP4 

 ion transport 0.05 TGFB2,GEM,SYT13,ANXA3,NTRK2,SGK2 

 regulation of transporter 
activity 0.05 GEM,ANXA3,SGK2 

 xanthine catabolic process 0.05 AOX1 
 farnesol catabolic process 0.05 AKR1B10 
 farnesol metabolic process 0.05 AKR1B10 

 sesquiterpenoid catabolic 
process 0.05 AKR1B10 

 uterine wall breakdown 0.05 TGFB2 
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 renal outer medulla 
development 0.05 WNT7B 

 
establishment or 

maintenance of polarity of 
embryonic epithelium 

0.05 WNT7B 

 
negative regulation of 

cardiac epithelial to 
mesenchymal transition 

0.05 TGFB2 

 renal inner medulla 
development 0.05 WNT7B 

 
trans-synaptic signaling by 
neuropeptide, modulating 

synaptic transmission 
0.05 NTRK2 

 

negative regulation of 
epithelial to mesenchymal 

transition involved in 
endocardial cushion 

formation 

0.05 TGFB2 

 sesquiterpenoid metabolic 
process 0.05 AKR1B10 

 menstruation 0.05 TGFB2 

 negative regulation of 
calcium ion transport 0.05 TGFB2,GEM 

 blood vessel morphogenesis 0.05 TGFB2,ANXA3,NTRK2,WNT7B 
 drug metabolic process 0.05 TGFB2,GGT3P,AKR1B10,AOX1 

 extracellular matrix 
disassembly 0.05 TGFB2,DPP4 

 camera-type eye 
development 0.05 TGFB2,NTRK2,WNT7B 

 
positive regulation of 

phosphatidylinositol 3-
kinase signaling 

0.05 TGFB2,NTRK2 

 regulation of ion transport 0.05 TGFB2,GEM,SYT13,ANXA3 
 epithelial cell migration 0.05 TGFB2,DPP4,ANXA3 
 epithelium migration 0.05 TGFB2,DPP4,ANXA3 
 cation transport 0.05 TGFB2,GEM,SYT13,ANXA3,SGK2 

 
apoptotic process involved 

in outflow tract 
morphogenesis 

0.05 TGFB2 

 inner medullary collecting 
duct development 0.05 WNT7B 

 positive regulation of timing 
of catagen 0.05 TGFB2 

 
regulation of apoptotic 

process involved in outflow 
tract morphogenesis 

0.05 TGFB2 

 
positive regulation of 
integrin biosynthetic 

process 
0.05 TGFB2 

 polyprenol catabolic process 0.05 AKR1B10 

 trans-synaptic signaling by 
neuropeptide 0.05 NTRK2 

 xanthine metabolic process 0.05 AOX1 
 tissue migration 0.05 TGFB2,DPP4,ANXA3 
 vasculogenesis 0.05 NTRK2,WNT7B 
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 blood vessel development 0.05 TGFB2,ANXA3,NTRK2,WNT7B 

 regulation of cation 
transmembrane transport 0.05 TGFB2,GEM,ANXA3 

 negative regulation of cation 
transmembrane transport 0.05 TGFB2,GEM 

 positive regulation of 
ossification 0.05 TGFB2,WNT7B 

 vasculature development 0.05 TGFB2,ANXA3,NTRK2,WNT7B 
 head development 0.05 TGFB2,ANXA3,NTRK2,WNT7B 
 eye development 0.05 TGFB2,NTRK2,WNT7B 

 cardiovascular system 
development 0.05 TGFB2,ANXA3,NTRK2,WNT7B 

 regulation of secretion by 
cell 0.05 TGFB2,DPP4,SYT13,NTRK2 

 positive regulation of GTP 
binding 0.05 TGFB2 

 purine nucleobase catabolic 
process 0.05 AOX1 

 synaptic signaling via 
neuropeptide 0.05 NTRK2 

 psychomotor behavior 0.05 DPP4 

 ascending aorta 
morphogenesis 0.05 TGFB2 

 
trans-synaptic signaling by 
BDNF, modulating synaptic 

transmission 
0.05 NTRK2 

 regulation of timing of 
catagen 0.05 TGFB2 

 trachea cartilage 
morphogenesis 0.05 WNT7B 

 endocardial cushion fusion 0.05 TGFB2 

 trans-synaptic signaling by 
BDNF 0.05 NTRK2 

 menstrual cycle phase 0.05 TGFB2 
 visual system development 0.05 TGFB2,NTRK2,WNT7B 

Cellular 
Component endocytic vesicle 0.049 DPP4,ANXA3,WNT7B 

 lamellar body membrane 0.049 LAMP3 

 alveolar lamellar body 
membrane 0.049 LAMP3 

Pathway Nicotine degradation 0.0138 UGT1A6,AOX1 

 Pentose and glucuronate 
interconversions 0.0282 UGT1A6,AKR1B10 

 Vitamin B6 metabolic 0.0424 AOX1 
 Retinol metabolism 0.0478 UGT1A6,AOX1 

 Drug metabolism - 
cytochrome P450 0.0478 UGT1A6,AOX1 
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Appendix D Western blotting optimisation 

 

 

Figure 6.4 Optimisation of the Western blotting protocol for β-tubulin antibodies in 

whole endometrium and isolated endometrial glands. A) Positive HEK 293 and negative 

bacteria β-tubulin controls were established, optimal 1:500 dilution for general β-

tubulin antibody and further dilution of TUBB5 antibody, as 1:1000 demonstrated anti-

bands, B) Qiazol extracted protein fraction gave a positive result similar to RNAlater® 

extracted samples. C) Double dilution demonstrated 15 µg was the lowest protein 

concentration to provide an antibody signal. 
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Appendix E  Abstracts 

• Novel insights into 3D endometrial tissue and cellular architecture during 
preimplantation, in women with recurrent miscarriage. Pearson-Farr. J.E., Lewis. R., 
Cheong. Y. (ESHRE, 2018) 

• Novel insights into 3D endometrial tissue and cellular architecture during 
implantation, in women with recurrent miscarriage. Pearson-Farr. J.E., Lewis. R., 
Cheong. Y. (Centre for Trophblast Research Annual Meeting, 2018) 

• Multiscale imaging of cilia in endometrial glands. Pearson-Farr, J, Chatelet, D, 
Goggin, P, Page, A., Lewis, R.M., Cheong, Y. (Society of Electron Microscopy 
Technology Annual Meeting, 2018) 

• Multiscale 3D imaging: a useful approach for the study of endometrial glandular 
architecture in healthy women. Pearson-Farr. J.E., Lewis. R., Cheong. Y. (ESHRE, 
2019) 

• Multiscale 3D imaging approach to study endometrial gland architecture in healthy 
women. Pearson-Farr. J.E., Lewis. R., Cheong. Y. (Centre for Trophblast Research 
Annual Meeting, 2019) 
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